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Primäre Ziele für eine nachhaltigere Chemie sind die Einsparung von Energie und Ressourcen sowie 
die Vermeidung giftiger und umweltschädlicher Abfälle. Die Schlüsseltechnologie um dieses zu 
erreichen ist Katalyse. Für industrielle Anwendungen sind hauptsächlich heterogene Katalysatoren 
geeignet, da diese Art von Katalysator es ermöglicht kontinuierliche Prozesse zu realisieren. Hierfür 
eignen sich hauptsächlich geträgerte Edelmetall Nanopartikel, da diese aufgrund ihrer großen 
Oberfläche eine hohe katalytische Aktivität aufweisen. Es ist weiterhin erstrebenswert die Struktur 
des Katalysators zu optimieren um Struktur-Aktivitäts-Selektivitäts Zusammenhänge zu verstehen 
und damit Prozesse effizienter zu gestalten. Normalerweise werden geträgerte Nanopartikel 
Katalysatoren durch Imprägnierung hergestellt. Hierzu wird ein poröses Metalloxid mit einer Lösung 
aus einem Edelmetallsalz versetzt und das Lösungsmittel durch Verdunstung entfernt. Die 
Nanopartikel werden anschließend auf dem Trägermaterial durch Kalzinieren und Reduktion 
gebildet. Für systematische Studien zur Optimierung der Partikelgröße und Einflusses des 
Trägermaterials ist diese Herstellungsmethode nicht geeignet, da meistens Partikel mit einer großen 
Partikelgrößenverteilung gebildet werden und zusätzlich das Trägermaterial die Bildung der 
Nanopartikel stark beeinflusst. Deshalb werden für akademische Studien kolloidale 
Herstellungsmethoden bevorzugt, die zu stabilen Nanopartikel Dispersion mit enger 
Größenverteilung führen. Allerdings sind normalerweise Liganden oder Polymere notwendig um 
kolloidale Nanopartikel zu stabilisieren und um die Größe und Form der Partikel zu beeinflussen. Die 
organischen Moleküle müssen vor der Katalyse entfernt werden, da sonst aktive Zentren blockiert 
werden. In dieser Arbeit wurde eine Syntheseroute zur Bildung von Platin Nanopartikeln in 
basischem Ethylenglykol verwendet. Studien haben gezeigt, dass diese Partikel frei von organischen 
Molekülen sind und nur durch CO und OH- stabilisiert werden. Diese „surfactant-freien“ Nanopartikel 
können in einem Folgeschritt auf verschiedene Trägermaterialien aufgebracht werden (z.B. Al2O3, 
Fe3O4, TiO2).  
Zuerst wurde die Stabilität dieser kolloidalen NPs untersucht und es konnte gezeigt werden, dass die 
Anwesenheit von Halogeniden zum Auflösen der Partikel führt, wobei vor allem in bromidhaltigen Pt 
Nanopartikel Dispersionen signifikante Mengen an Pt Ionen detektiert wurden. Oftmals führt die 
Bildung gelöster Ionen zu einer Vergrößerung der Partikelgröße durch Ostwald Reifung, welches auch 
hier gezeigt wurde. Um die Ostwald Reifung zu beschleunigen wurde die Reaktionszeit während der 
Nanopartikelbildung in basischem Ethylenglykol variiert und die Verwendung von bromidhaltigen 
Precursoren führte zu einem schnelleren Partikelwachstum verglichen zu chloridhaltigen 





Partikel, wurde ein Konzept entwickelt um die Partikelgröße der „surfactant-freier“ Nanopartikel in 
einem Größenbereich von 1 – 4 nm mit enger Partikelgrößenverteilung zu kontrollieren.  
Die anschließend geträgerten Nanopartikel wurden dann als heterogene Modellkatalysatoren in der 
Oxidation von Kohlenmonoxid eingesetzt, da die Partikelgrößenabhängigkeit dieser Reaktion 
kontrovers diskutiert wird. Der Partikelgrößen Bereich zwischen 1 – 4 nm ist besonders relevant, da 
sich das Verhältnis von hochkoordinierten und niedrigkoordinierten Oberflächenatomen in diesem 
Größenbereich signifikant unterscheidet. Es wurde gezeigt, dass die Aktivität stark von der 
Partikelgröße abhängt und sich der Reaktionsmechanismus mit zunehmender Größe und 
Reaktionstemperatur ändert. Allgemein findet die Reaktion auf Pt Nanopartikeln auf inerten Träger 
(Al2O3) durch einen Langmuir-Hinshelwood Mechanismus statt, bei dem beide Reaktionspartner auf 
der Pt-Oberfläche adsorbiert sind. Allerdings adsorbiert O2 bevorzugt dissoziativ auf 
Terrassenatomen und reagiert mit CO* zu CO2*. Auch die Boudouard Reaktion zwischen zwei 
benachbarten CO* Molekülen zu C* und CO2* wurde hauptsächlich auf Terrassenatomen 
nachgewiesen. Auf kleinen Partikeln, die hauptsächlich aus Ecken und Kanten bestehen, adsorbiert 
O2 molekular und reagiert anschließend mit CO* zu CO2* und O*.  
Wenn diese Partikel auf reduzierbaren Trägern aufgebracht werden, läuft ein anderer Mechanismus 
ab, der aufgrund der Bildung von starken Metall-Substrat-Wechselwirkungen (strong metal support 
interaction, SMSI) bevorzugt wird. Der SMSI Effekt führt zur Bildung von aktiven Zentren an der 
Schnittstelle zwischen Träger und Partikel, an denen auf Pt adsorbiertes CO mit Gittersauerstoff vom 
Träger zu CO2 reagiert (Mars van Krevelen Mechanismus). Mit zunehmender Partikelgröße nimmt die 
Pt Oberfläche stark zu, sodass auf großen Partikeln der Langmuir-Hinshelwood Mechanismus 
dominiert. Nachdem die Katalysatoren bei 200°C reduziert wurden,  konnte der SMSI Effekt verstärkt 
werden, da ein FeO Film die Partikel teilweise bedeckte und somit die Aktivität verringert wurde. Ein 
ähnlicher Effekt auf der Nanoebene kann auch auf bimetallischen Fe-Pt NP beobachtet werden, der 
durch Oberflächen Segregation und in-situ Bildung von Eisenoxid hervorgerufen wird. 
In dieser Arbeit wurde gezeigt, dass der Reaktionsmechanismus und die Aktivität von der katalytische 
Umsetzung von CO mit O2 zu CO2 sowohl durch die Partikelgröße als auch die Ausbildung von Metall-
Substrat-Wechselwirkungen und die Verwendung von bimetallischen Partikeln stark beeinflussbar ist. 
Durch Änderung der Katalysatoreigenschaften ändern sich nicht nur die Aktivität, sondern auch die 
Reaktionsmechanismen. Insbesondere zeigen die Ergebnisse wie ein Katalysator hinsichtlich 
Partikelgröße und Träger beschaffen sein muss, um unter CO reichen Reaktionsbedingungen und 






The improvement of environmental sustainability and awareness, the conversation of energy and 
resources, and the substantial reduction of large amount partially toxic waste in the chemical 
industry are the main topics for green chemistry. One issue is the use of catalysts in chemical 
reactions. For industrial scale productions especially heterogeneous catalysts are highly desired, 
since they allow the realisation of continuous processes. Often supported precious metal 
nanoparticles (NPs) are used as heterogeneous catalysts as they exhibit a high surface, which leads to 
high catalytic performance. The understanding of the structure-activity-selectivity relations of a 
supported metal NP catalyst allows improving catalytic processes. The common preparation strategy 
of supported NP catalysts is the impregnation of the support material with a solution of the precious 
metal salt followed by calcination and reduction. However, normally NPs with wide particle size 
distributions are obtained, which complicates systematic studies in catalytic application regarding the 
particle size and support effects. In this work a colloidal synthesis strategy to prepare Pt NPs is used, 
which enables the formation of NPs dispersion, without the need of strong binding surfactants. 
Normally, surfactants are used in colloidal NP synthesis to prevent the NPs from agglomeration. 
These organic molecules have to be removed before the catalysis, since they block active surface 
sites of the catalyst. The formation of Pt NPs was performed in alkaline ethylene glycol (EG) at 150°C 
and these NPs were found to be only stabilized by CO and OH-. These “surfactant-free” NPs can be 
deposited in a subsequent step onto different support materials (e.g. Al2O3, Fe3O4, TiO2).  
First, the stability of the “surfactant-free” Pt NPs was investigated and it was found that the presence 
of chloride and bromide lead to particle dissolution, whereby especially the presence of bromide 
enhanced the formation of leached Pt species. A possible subsequent step of leaching is Ostwald 
ripening, which lead to particle growth and it was found that with increasing exposure time to 
halides the particle size indeed increased. In order to accelerate the Ostwald ripening the reaction of 
NPs in reducing atmosphere was enhanced and the particle size increased with increasing reaction 
time. The use of the bromide containing precursor showed a faster particle growth due to the 
enhanced dissolution of NPs in presence of bromide. A synthesis concept was developed based on 
Ostwald ripening and the knowledge about the surface chemistry of these NPs, which allowed 
controlling the particle size between 1 – 4 nm.  
These heterogeneous catalysts were applied in CO oxidation, since the structure sensitivity of CO 
oxidation is controversially discussed. The particle size between 1 – 4 nm is in the range where the 
ratio of low to high coordinated surface atoms varies mostly and therefore these model catalysts are 
suitable to shed light into possible particle size effects in CO oxidation. Indeed, the kinetic 





changes with increasing reaction temperature as well as with increasing particle size. CO oxidation 
with Pt NPs on Al2O3 proceeds via a Langmuir Hinshelwood mechanism with competitive adsorbed 
CO* and O2*. However, it was found that on terrace atoms dissociative O2 adsorption and reaction of 
CO* and O* to CO2* and a Boudouard reaction (2 CO*  C* and CO2*) are preferred, whereas 
molecular O2 adsorption and reaction of CO* and O2* to CO2* and O* proceed on small particles, 
which high ratios of low coordinated edge and corner atoms.  
Another reaction mechanism was found for Pt NPs supported on reducible Fe3O4, which was related 
due to the formation of strong metal support interactions (SMSI). The active sites on these catalysts 
were found to be the interface between the NP and the support and the reaction takes place with 
lattice oxygen from the iron oxide and adsorbed CO on Pt (Mars van Krevelen mechanism). However, 
with increasing particle size the contribution of the Mars van Krevelen mechanism decreased and a 
Langmuir Hinshelwood mechanism is favoured on the Pt surface. After reductive pre-treatment the 
SMSI effect is enhanced due to partial encapsulation of the NPs with a FeO layer, which decreased 
the active Pt surface. This effect is not only related to occur between NPs and support material, but it 
was found that a similar behaviour on the nanoscale was observed in bimetallic Fe-Pt NPs due to 
surface segregation and in-situ formation of iron oxide.  
The here presented work demonstrates that the reaction mechanism and the catalytic performance 
of CO oxidation can be tune by changing the particle size, the support material and the use of 
bimetallic NPs. The change of the catalyst properties does not merely influence the activity, but also 
changes of the reaction mechanism are observed. In particular, these results demonstrate how the 
particle size and support of the catalyst should be obtained in order to achieve maximal activities 
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1. Introduction  
The key for a sustainable utilization of resources and energy in the chemical industry is the use of 
catalysts.[1-3]  A catalyst lowers the activation barrier of a chemical reaction by opening alternative 
reaction pathways without changing the thermodynamics of the reaction (see Figure 1).[4-5] As a 
result, the reaction proceeds at lower reaction temperature, leading to reduced demands of 
energy.[6] A further advantage of catalytic reactions is the possibility to improve the selectivity of the 
reaction by optimizing the surface structure or the surface composition of the catalyst.[7-8] The 
importance of further investigations in catalysis research was appreciated with the Nobel price 2001 
for William S. Knowles, Ryori Noyori and K. Barry Sharpless[9], 2005 for Yves Chauvin, Robert H. 
Grubbs and Richard R. Schrock[10], 2007 for Gerhard Ertl[11] and 2010 for Richard F. Heck, Ei-ichi 
Negishi and Akira Suzuki.[12] The improvement of catalytic activity and selectivity, stability under 
reaction conditions, recyclability of the catalyst, and the understanding of catalytic mechanisms is 
still a major challenge that can only be addressed by fundamental research.  
 
Figure 1: Energy diagram of an exothermic reaction with (red) and without (blue) catalyst. The catalyst allows another 
reaction pathway with lower activation energy (EA). 
 
Catalysts are classified in two main groups: Homogenous and heterogeneous catalysts. In 
homogenous catalysis the catalyst is dissolved in the liquid reaction medium and consists of a 
transition metal atom, which is coordinated by organic ligands.[13-14] These catalysts are characterized 
by high activities and selectivities.[15-16] Using chiral organic ligands even high enantioselectivities 
(>99%) can be obtained.[17-19] However, the mayor disadvantage of this kind of catalyst is the 
contamination of the product with partly toxic metals or ligand traces. The separation of the catalyst 
from the reaction media requires an addition step, which consumes energy and further resources 
and generates large amount of potentially toxic waste.[20] Recycling of the catalysts is therefore a 






In heterogeneous catalysis the catalyst and the reactant exist in different physical states. The 
reactants are gases or liquids and the reaction proceeds at the surface of a solid catalyst (often 
precious metal surfaces).[21-22] In terms of process engineering, heterogeneous catalysts exhibit 
significant advantages mainly due to their application in continuous processes.  The easy handling of 
the heterogeneous catalysts and the possible recyclability of the catalysts explains that up to 80% of 
all industrial processes use at least on heterogeneously catalysed step.[23] 
The research in the field of nanotechnology leads to new materials, which find application in 
medicine, semiconductor technology, sensors, and especially in catalysis.[24-26] The size of such 
nanomaterial is in the range of 1 – 100 nm and the properties of these materials differ significantly 
from bulk material due to the change of the surface to volume ratio with decreasing size. The 
properties of nanomaterials are determined especially by surface atoms, which exhibit different 
electronic properties than bulk material, owing to the presence of low coordinated atoms.[26] 
Consequently, the size of the nanomaterial can strongly influence the properties of the material (e.g. 
binding energies of reactants, optical properties).[27-28]  
Often precious metal nanoparticles (NPs) are used as heterogeneous catalysts, which require that the 
NPs are dispersed on support materials such as porous metal oxides with high specific surface areas 
(Al2O3, SiO2, MgO etc.) or on carbon materials.
[29-32] The use of supported NP catalysts has two main 
advantages: On the one hand a NP has a high number of catalytically active surface atoms in 
comparison to the bulk material and on the other hand the dispersion of the NPs on the support 
material reduces the amount of expensive precious metal, which are often used as catalysts. The 
catalytic performance of the NPs is determined by geometric and electronic properties of the surface 
atoms and the particle size and surface coordination is known to influence the catalytic 
performance.[33] A prominent example for the practical use of supported NPs on porous support 
materials as catalysts is the automotive catalyst. An automotive converter consists of a honeycomb 
structure with walls, which are covered with porous alumina. The alumina is impregnated with NPs of 
precious metals (Pt, Pd, Rh) and other metals (Ce). Pt and/or Pd catalyse the oxidation of 
hydrocarbons and carbon monoxide and Rh serves as reduction catalyst of NOx. Ce2O3 is used as 
oxygen storage.[34]  
In this work a synthesis rout for so-called “surfactant-free” Pt NP is introduced, which allows to tune 
the particle size in a range of 1 – 4 nm, which represents the particle size regime where the ratio of 
low and high coordinated surface atoms varies mostly. The presence of halides from the metal 
precursor during the preparation procedure was used to induce Ostwald ripening to increase the NP 






model catalysts, which were used in CO oxidation. Structure sensitivity and particle size effects are 
controversially discussed in literature for CO oxidation. In this work changes in activity and reaction 
mechanism are presented that depend strongly on the particle size. A further possibility to influence 
the catalytic performance is the use of different support materials. The here presented preparation 
strategy allows the separation of NP formation and supporting. Hence, differences in activity and 
kinetic performance can be related directly to metal support interactions and particle size effects. In 
this work, the NPs were supported onto Fe3O4, which is a reducible support material and strong 






2. Nanoparticles  
NPs can be prepared by two different approaches: “top-down” and “bottom-up”.[35] The concept of 
“top-down” is based on the crushing of bulk material by mechanical, chemical, or electrochemical 
methods. This synthesis strategy leads to large particles with a wide particle size distribution (see 
Figure 2a).[36] However, this approach is not suitable for systematic studies in catalytic research, since 
the wide particle size distribution of the NPs makes it difficult to obtain reproducible results in 
reactions which depend on the particle size and/or shape. Therefore, NPs for catalytic investigations 
are usually prepared by the “bottom-up” approach. NPs are synthesized in wet-chemical processes 
such as precipitation reactions, hydrothermal synthesis or sol-gel processes by reduction of metal 
precursors (see Figure 2b).[37-39] In this work the focus is on colloidal NPs. The advantage of this 
synthesis strategy is the ability to receive NPs with narrow size distribution and the control over 
particle size.[33]  
 
Figure 2: Synthesis principle of nanoparticles. (a) Shows the “top-down” approach by crushing bulk material to obtain 
nanoparticles and (b) represents the “bottom-up” approach by reduction of solved metal precursor salts. 
 
2.1 Nucleation principles and growth of colloidal metal nanoparticles 
The preparation of metal NPs with colloidal preparation methods is based on the use of metal salts, 
which are reduced with reducing agents (e.g. sodium borohydride, ascorbic acid or alcohols).[40-42] 
The reduction of the salt to metal atoms leads to the formation of metal clusters in the solution. This 
process is called nucleation. A distinction is made between homogeneous and heterogeneous 
nucleation. In homogeneous nucleation the formation of nuclei proceeds due to supersaturation and 
is therefore spontaneous. The free energy of a spherical cluster with the radius r, the surface energy 






     
 
 
         
                                                                         
The first negative term implies that the formation of clusters is energetically favoured over a 
supersaturated solution and the positive term of equation (1) demonstrates the energetically 
unfavored formation of clusters due to the increase of the surface energy. As a result, the negative 
and the positive term of the free energy lead to a maximum energy at a certain cluster radius (critical 
radius rc) (see Figure 3). For clusters with a radius r < rc dissolution is energetically favoured and for 
larger clusters with r > rc particle growth is preferred.[44]  
 
Figure 3: Nucleation theory. Dependence of the free energy of a cluster on the cluster radius r. 
 
Depending on equation (1) the critical radius rc is defined as following (2): 
   
  
   
                                                                                        
The integration of the critical radius in equation (1) yields the expression for the free energy ΔGc at 
the maximum (3): 
    
     
   
                                                                                      
The energy barrier of the particle growth is the activation energy. Hence, the Arrhenius equation can 
be used to express the nucleation rate J (4). 
           
 
   
                                                                             
In heterogeneous nucleation the nucleation occurs at preferential sites of the cluster surface. Such 
preferential sites can be for example phase boundaries or impurities, where the surface energy is 
lowered making nucleation energetically favoured at such sites. In the field of colloidal NP synthesis 






2.1.1 LaMer model 
A model for nucleation and growth mechanisms was introduced 1950 from LaMer for the research 
on sulfur hydrosols.[45] The concept was transferred to the formation of colloidal NPs due to 
reduction of metal precursor salts and consists of three phases.[43, 46] In the first phase the metal salt 
is reduced and the formation of metal atoms (monomers) increases with reaction time. At a certain 
time, the concentration of the monomers reaches a critical supersaturation level (Cs), where 
nucleation theoretically can proceed. In the second phase the concentration of the monomer further 
increases and reaches the critical concentration and the activation barrier for self-nucleation can be 
overcome. In the third phase the concentration of the monomers decreases due to the nucleation 
below the critical concentration leading to the end of the nucleation phase (see Figure 4). The growth 
of the nuclei proceeds by diffusions of monomers to the particle surface.[43-44] 
 
Figure 4: LaMer model. Principle of NP nucleation and particle growth 
 
However, the LaMer model describes only the thermodynamic process of NP formation in colloidal 
preparation strategies, but the model is not able to predict particle size distributions or specifies the 
process of NP growth.[43]  
2.1.2 Growth processes of colloidal nanoparticles 
The growth of NPs proceeds after nucleation and is determined by i) the diffusion of the monomers 
to the NP surface and by ii) the surface reaction. The diffusion of the monomer to the particle surface 
can be described by Fick´s first law (5):[44] 
       
  
  






With J defined as the total flux of the monomers, D as diffusion coefficient, c as the concentration of 
the monomer and x is the distance to the centre of the NP (see Figure 5). 
 
 
Figure 5: Schematic illustration of the diffusion model. 
 
For a spherical particle equation (5) can be rewritten as (6): 
   
         
 
                                                                        
δ represents the distance from the NP surface to the monomers in the solution, cb is the 
concentration of the monomers in the solution, and ci is the concentration of the monomer at the 
interface between the NP and the solution (see Figure 5). However, for NPs the particle radius is 
smaller than the diffusion layer (r << δ). Hence, the diffusion of the monomers to the particle can be 
expressed by following equation (7):[44] 
                                                                                        
After the diffusion process, the surface reaction of the monomer at the NP surface proceeds and 
following equation is obtained, which describes the surface reaction (8): 
                                                                                      
With cr as the particle density and k is the rate constant for particle growth.  
There are two limiting factors, which can influence the particle growth: On the one hand the particle 












Hence, the surface reaction proceeds fast and the rate of the particle growth depends only on the 
diffusion rate of the monomers to the particle surface.  
On the other hand the surface reaction can be the limiting factor and rate equation (10) is obtained: 
  
  
                                                                                
Monomers are present at the particle surface due to the high diffusion rate and therefore the 
particle growth rate depends only on the rate of the surface reaction.  
The here discussed particle growth mechanisms are not able to explain, why the colloid preparation 
method leads to dispersions with uniform particles. In the case for particle growth by diffusion a 
model was developed by Reiss[47], which assumes that diffusional growth depends only on the 
monomer flux and predicts that in the presence of larger particles the smaller particles grow faster 
due to their higher surface energy. This leads to a narrowing of the size distribution. However, the 
model of Reiss neglects other more complex growth mechanism such as Ostwald ripening or particle 
aggregation.[43]  
The inclusion of the Gibbs Thomson relation (11) takes into account that the stability against 
dissolution of the NP depends on the particle size.[44]  
      
   
                                                                                 
When the concentration of the monomers in the solution is almost consumed, further particle 
growth via Ostwald ripening is possible.[48] The Gibbs Thomson relation (equation 11) predicts that 
small particles exhibit a higher surface energy and hence the small particles dissolve and the 
monomers attach at larger particles with lower surface energy. As a result, the larger particles grow 
at the expense of small particles. Other growth mechanisms are for example coalescence of 
individual particles[49] or intraparticle growth.[50]  
2.2 Stability of colloidal nanoparticles 
The stability of colloidal NPs in dispersion is one of the most important aspects in the research field 
of nanomaterials. Due to the presence of attractive forces (van der Waals, electrostatic and magnetic 
forces) NPs in colloidal dispersion are not stable and tend to agglomerate.  A theory was developed 
by Derjaguin, Landau, Verwey and Overbeek, known as DLVO theory, which is still accepted to 
describe the physics of colloidal stability.[51-52] The theory is based on two combined forces, which 






interactions. To describe the interaction energy of the pair potential W(r) of two molecules at a 
distance r, the Lennard-Jones potential is used (12).[43] 





   
                                                                          
The constant C represents the attractive van der Waals forces and the constant B is the repulsive 
Born repulsion. In the following the attractive van der Waals interactions and the repulsive 
electrostatic interactions are discussed. 
2.2.1 Van der Waals interactions 
The attractive van der Waals interaction energy Wa(D) between two particle with the distance D is 
the sum of all intermolecular forces. For simplification the assumption was made that the particles 
have the same size and that the particles are in close proximity, which leads to following equation 
(13). With ρ as electron density and A as the Hamaker constant:[43] 
       
        
   
  
  
   
                                                        
Equation (13) indicates that the van der Waals force is proportional to the particle size R and 
reciprocal proportional to the distance D of two NPs.  
2.2.2 Electrostatic interactions 
The preparation of a stable colloidal NP dispersion requires the presence of repulsive interaction to 
overcome the attractive van der Waals interaction, which would lead to agglomeration. In liquid 
media, ions surround the particles forming an electric double layer, which protects the NPs from 
aggregation. The thickness of the electric double layer is named Debye length λ (κ-1) and can be 
described using simple electrostatics. The surface potential ψ of the electric double layer can be 
explained with following equation (14):[43] 
           
                                                                       
In order to consider the colloidal stability in NP dispersion, the interaction of at least two spherical 
particles with the radius R and the surface to surface distance D have to be taken into account. The 
Derjaguin approximation enables the determination of the potential repulsion force of two spherical 
particles (15). 
              
                                                                     






The DLVO theory combines the above describes forces in a colloidal NP dispersion by addition of the 
attractive and the repulsive forces (16). 
            
  
   
         
                                                       
Equation (16) shows that the stability of a colloidal dispersion depends on i) the concentration of the 
ion and the ion type (ε, κ), ii) the surface potential ψ, and iii) the particle radius R. Decreasing the 
distance between the particles leads to an increase of the attractive van der Waals interactions and 
hence agglomeration of the particles proceeds.[43]  
Besides the above discussed electronic stabilization by the formation of an electronic double layer on 
the metal surface[37, 43], steric stabilization is another concept to improve the stability of the colloidal 
NP dispersions. The binding of organic molecules (ligands or polymers) at the particle surface leads to 
a protection layer around the particles, which prevents the aggregation of single particle by steric 
shielding.[53-55] The combination of electronic and steric combination can be achieved with ionic 
surfactants, which consists of a polar head group that forms an electrical double layer and a lipophilic 
chain for steric repulsion.[56-57] A further possibility to stabilise colloidal NPs is the encapsulation of 






3. Heterogeneous catalysis 





The activity of a catalytic reaction is related to the amount of converted reactant with time to the 
mass of the catalyst. However, in heterogeneous catalysis only surface atoms can be catalytically 
active and hence the reaction rate should be referred to the number of surface atoms. The reaction 
rates in heterogeneous catalysis are defined therefore as turnover frequencies (TOF) (17):[60-61]  
    
         
           
                                                                              
In case of heterogeneous catalysts based on NPs the number of surface atoms is estimated from the 
particle size, which can be determined from transmission electron microscopy (TEM) measurements. 
Another possibility are chemisorption measurements, where the catalyst is exposed to strong 
binding molecules (CO or H2), which chemisorb on the catalyst surface.
[62] Hence, the number of 
active surface sites can be determined under reaction conditions. The dispersion (ratio of surface 
atoms) can be estimated by following equation (18). 
  
              
                      
                                                                
The selectivity S of a catalytic reaction is given as the ratio of the reaction rate of the product and the 
reaction rate of reactant conversion (19):[3] 
  
        
                   
                                                                     
In order to describe the stability of a catalyst the dimensionless turnover number (TON) was defined 
as the amount of product formed under defined reaction conditions related to the number of active 
sites of catalyst (20): 
    
        
         






Often a decreasing activity over time is observed, which could be related to agglomeration of NPs, 
carbon accumulation on the catalyst surface or poisoning by impurities in the gas stream (e.g. 
sulfur).[63-65] 
3.1 Reaction mechanisms in heterogeneous catalysis 
In heterogeneous catalysis the reaction proceeds at the catalyst surface, which requires the transfer 
of reactants to the active reaction sites. In order to describe the relevant microscopic steps of a 
catalytic reaction on a porous catalyst, the following reaction steps have to be taken into account 
(see Figure 6):[3] 
i) Diffusion of the reactants to catalyst 
ii) Diffusion of the reactants into the pores (pore diffusion) 
iii) Adsorption of the reactants at the active sites 
iv) Reaction at the active site 
v) Desorption of the product from the active site 
vi) Diffusion of the products out of the pores 
vii) Diffusion of the products from the catalyst into the gas phase or solvent 
 
 
Figure 6: Steps of a heterogeneously catalysed gas phase or liquid phase reaction with a porous catalyst. 
 
Considering mass transfer and the chemical reaction at the surface (steps i-vii) to influence the 
catalytic performance, the term macrokinetics is used.[3, 66] However, in this work the focus is on the 
determination of the kinetic of the chemical reaction at the surface of the catalyst (steps iii-v), which 
means that in microkinetic studies mass transfer limitation has to be excluded and the reaction rate 
depends only on intrinsic catalytic activity of the active sites.[67] Microkinetic analysis offers the 
opportunity to determine kinetic parameters (e.g. effective rate constants, reaction orders, and 
apparent activation energies) of the catalytic reaction and reaction mechanisms can be postulated.[3, 






catalysed reaction allows improving the catalyst (e.g. particle size, composition, surface structure) for 
optimisation of the catalytic performance.  
For microkinetic analysis the adsorption of the reactants on the catalyst surface is of fundamental 
importance and on homogenous solid catalyst surface the adsorption of A can be expressed with the 
Langmuir isotherm (21):[69] 
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ΘA represents the coverage of the surface, [A] is the concentration of the A and KA is the equilibrium 
constant. In this work a bimolecular gas phase reaction is discussed to proceed on precious metal 
NPs (A + B  C). In general, there are two reaction mechanisms, which may describe the catalytic 
reaction of two reactants on the surface of a heterogeneous catalyst (Langmuir Hinshelwood 
mechanism and Eley Rideal mechanism). The differences of these mechanisms are discussed in the 
following and a further special reaction mechanism is introduced (Mars van Krevelen mechanism).  
3.1.1 Langmuir Hinshelwood mechanism 
The Langmuir Hinshelwood mechanism describes the adsorption of both reactants on separate free 
adsorption sites and the reaction occurs on the catalyst surface. Afterwards, the product desorbs 
from the surface (see Figure 7).[3, 69]  
 
Figure 7: Reaction scheme of a Langmuir Hinshelwood of two adsorbed reactants A and B to the product C. 
 
Assuming the surface reaction as the rate determing step, the following rate equation can be 
obtained for the Langmuir Hinshelwood mechanism (22):[3] 
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The assumption that both reactants are weakly adsorbed on the surface (KA and KB << 1) equation 
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And reaction orders of 1 for both reactants are expected. In contrast, weak adsorption of A (KA << 1) 
and the strong adsorption of B (KB >> 1) lead to the following rate equation (24): 
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And reaction orders of 1 for A and -1 for B are expected. 
3.1.2 Eley-Rideal mechanism  
The Eley-Rideal mechanism describes the reaction of one reactant being adsorbed on the catalysts 
surface with a reactant from the gas or liquid phase. The reaction leads to an adsorbed product, 
which desorbs in the final step (see Figure 8).[3, 69] 
 
Figure 8: Reaction scheme of an Eley Rideal mechanism with adsorbed A and gaseous B to the product C. 
 
 The following rate expression is obtained for an Eley-Rideal mechanism (25):[3] 
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[ ]                                                          
With a constant concentration of B, the rate follows the Langmuir isotherm of A. The kinetic 
properties of a heterogeneously catalysed reaction differ strongly whether the reaction proceeds via 
a Langmuir-Hinshelwood mechanism or an Eley-Rideal mechanism.  
3.1.3 Mars van Krevelen mechanism 
A third reaction mechanism observed for supported catalysts on reducible metal oxides is the Mars 
van Krevelen mechanism. One reactant A adsorbs on the metal surface and in the next step the 
reactant is oxidized with lattice oxygen from the support material. The formed product desorbs from 








Figure 9: Reaction scheme of a Mars van Krevelen mechanism with adsorbed A and lattice oxygen.  
  




4. Supported nanoparticles as heterogeneous catalysts 
As discussed above, catalytic reactions on heterogeneous metal surfaces proceed after the 
adsorption of at least one reactant at the catalyst surface.[3] The interaction of gas molecules with 
transition metal surfaces was described by Hammer and Nørskov using the d-band model.[71] The 
ability of a bond formation of a metal atom with the adsorbate is determined by the position of the 
d-band center with respect to the Fermi energy. A shift to higher levels leads to the formation of a 
higher concentration of empty anti-bonding states and hence the binding energy of the adsorbate is 
enhanced. On transition metal surfaces it is known that low coordinates surface sites (edge and 
kinks) exhibit higher d-band centres.[72-73] As a consequence, gaseous adsorbates bind stronger at low 
coordinated surface sites compared to atoms in a close packed surface structure. On small NPs           
(≤ 5 nm) the ratio of low coordinated surface atoms (edge and corner atoms) and high coordinated 
terrace atoms depend strongly on the particle size.[74-75] Assuming a cubo-octahedral shape of the 
particles, which was predicted as the energetic minimum for NPs[76-77], the ratio of low coordinated 
sites is significantly higher on small NPs, whereas the ratio of terrace atoms increases strongly with 
increasing particles size (see Figure 10).[78] 
 
Figure 10: The percentage ratio of low coordinated surface atoms (edge and corner atoms) and high coordinated terrace 
atoms assuming a cubo-octahedral shape of the NPs. [78] 
 
Hence, the catalytic performance of supported NPs catalysts is expected to depend on the particle 
morphology (particle size and shape) due to changing binding energies at different surface sites. 
Furthermore, the distribution of the NPs on the support and the interactions of the NPs with the 
support material are known to influence the properties of the catalyst.[79] Therefore, the preparation 
method of the supported NPs catalysts may influence the catalytic performance. In the following, 
different preparation strategies are introduced.  
  




4.1 Preparation of supported nanoparticles 
4.1.1 Conventional preparation methods 
The common preparation of supported NPs is the incipient wetness impregnation or the wet 
impregnation method (see Figure 11).[80-82] In incipient wetness impregnation the metal precursor is 
dissolved in an aqueous or organic solution and the pore volume of the support material is 
determined. An equal volume of the precursor solution compared to the pore volume is added to the 
support material and the capillary forces cause the solution to diffuse into the pores. Afterwards, the 
catalyst is dried to remove the solvent. The formation of NPs occurs due to calcination and/or 
reduction of the catalyst (see Figure 11). The principle of wet impregnation is similar with the 
difference that a higher volume of precursor solution than the pore volume is added. 
 
Figure 11: Conventional preparation method of support NP catalysts (here incipient wetness impregnation). A metal 
precursor is added to the porous support material and NPs are formed during calcination and evaporation of the solvent.  
 
Despite the simplicity of conventional preparation methods, the synthesis strategy bears 
disadvantages for systematic research or the design of model catalysts. The support material 
influences the formation of the NPs. Thus, particle size, shape, and composition (in case of bimetallic 
NPs) cannot be controlled independently from the support material, which complicates systematic 
studies of catalytic properties induced by e.g. particle size or support effects.[33, 83] A further 
disadvantage is a maximal metal loading of the catalyst, which is related to the limited solubility of 
the metal precursor.  
4.1.2 Colloidal preparation methods  
To overcome the disadvantages of conventional preparation methods for the preparation of model 
catalyst, colloidal NP dispersions with defined particle size, shape, and composition can be  
applied.[84-85] In the first step the NP dispersion is synthesized by the reduction of the metal precursor 
(see Chapter 2.1). In a second step the formed NPs can be deposited onto any given support material 
(metal oxides or carbon).[86-88] The advantage of this preparation procedure is the separation of the 
particle formation and the deposition step, which allows the preparation of defined NPs (particle size 
  




and shape) on different support materials. The NP size during the deposition step is not influenced 
and different metal loadings are feasible.  
As discussed in chapter 2.2, colloidal NPs tend to minimize their free surface energy, which leads to 
agglomeration.[43-44] To prevent the NPs from coalescence, organic molecule such as polymers (e.g. 
PVP) or large organic molecules (e.g. oleylamine) are added to the reaction mixture that bind to the 
NP surface.[89-91] The ligand is present during the NP formation, which has consequences for the 
properties of the NP (size, shape etc.).[92] Furthermore, the organic molecules remain at the particle 
surface after deposition and are known to block catalytic active surface atoms[89] or enable 
alternative reaction pathways by ligand-reactant interactions.[93-95] Therefore, the organic molecules 
have to be removed prior to catalytic applications, which require an addition step with further 
energy and resource expense. One option for removal of organic molecules on supported NPs is a 
thermal treatment.[96-97] However, at high temperatures the mobility of the NPs on the support 
material increases and NP tend to agglomerate, which decreases the catalytic surface (see Figure 
12a). Another option is the use of ozone at room temperature, but it has been shown that the 
organic molecules are not completely removed by ozone and catalytic performance of a catalyst is 
not reproducible (see Figure 12b).[98-99]  
 
Figure 12: Removal of organic surfactant of colloidal NPs after deposition on support material. (a) Thermal treatment leads 
to agglomeration of the NPs. (b) Ozone treatment leads to incomplete ligand removal. 
 
In the following, a synthesis approach of colloidal NPs is introduced, which enables the preparation 
of stable precious metal NPs (Pt, Ru, Rh) in the absence of protective agents such as surfactants, 
polymers, or organic ligands.[100]  
4.2 Colloidal “surfactant-free” Platinum nanoparticles 
In the year 2000 the “alkaline polyol approach” for precious metal NPs (Pt, Ru, Rh, Ir) was established 
by Wang et al.[100] The formation of the NPs proceeds in alkaline ethylene glycol (EG), which acts on 
the one hand as reducing agent and on the other hand stabilizes the NPs without the need of 
  




polymers (e.g. PVP) or large organic molecules (e.g. oleylamine). First, these NPs were named 
“unprotected” due to the absence of strong binding organic molecules on the particle surface.[100-101] 
However, surfaces free of adsorbates are not stable under ambient conditions and can only be 
generated in ultra-high vacuum (UHV).[102] It was stated that the particles may be stabilized by the 
solvent (EG), oxidation products of EG (e.g. glycolate, acetate etc.) and/or anions (e.g. OH-), which 
are adsorbed on the surface. A detailed study of the surface chemistry of these “unprotected” Pt NPs 
by NMR spectroscopy clearly revealed that no surface-bound C-H containing species are present at 
the surface.[101] Hence, organic molecules such as EG or oxidation products are not bound to the 
surface of these colloidal NPs. Further experiments using ATR infrared spectroscopy revealed that 
these NPs are covered with CO[101], which is consistent with the fact that Pt is known to catalyse the 
oxidation of alcohols to CO.[103-104] However, the adsorption frequency of CO on the as-prepared Pt 
NPs matches with the singleton frequency of Pt NPs, indicating that CO is diluted with another 
adsorbed species. A full monolayer of CO causes dipole-dipole coupling of adjacent CO, which leads 
to a significant blue shift of the adsorption band.[90, 105] The need of alkaline conditions during the NP 
synthesis suggests that OH- in addition to CO is adsorbed on the particle surface to prevent the NP 
from sintering.[101] The NPs can hence not be considered as “unprotected”. Hereinafter, the NPs are 
called “surfactant-free” NPs to prevent misunderstandings.  
The established synthesis route for “surfactant-free” Pt NP with H2PtCl6 as precursor and 0.25 M 
NaOH in EG leads to small NPs (1.2 nm ± 0.2 nm) with a narrow size distribution.[100] For the use of 
these colloidal NPs in heterogeneous catalysis the NPs have to be deposited onto a support material, 
which requires additional preparation steps. First, the NPs have to be isolated from the solvent. EG is 
a high boiling solvent (198°C), which complicates evaporation. Hence, the NPs can be isolated by 
lowering the pH value of the dispersion with 1 M HCl. The NPs precipitate and can be separated from 
the reaction media by centrifugation.[106] Due to the acidic conditions the OH- on the particle surface 
is neutralised and the particles are merely protected by CO.[107] In the next step, these particles can 
be re-dispersed in low boiling polar solvents (e.g. acetone, cyclohexanone).[107-108] The addition of the 
support material and removal of the solvent leads to supported NPs, which can be used directly in 
heterogeneous catalysis (see Figure 13).[94, 107] Another option is the change of the CO covered to OH- 
covered NPs due to phase transfer of NPs in cyclohexanone to an aqueous alkaline solution. The OH- 
covered NPs can be isolated as solid powders, stored, afterward be redispersed in organic solvents, 
and for instance be deposited onto support material without loss of catalytic performance.[107] The 
potential of supported “surfactant-free” Pt NPs in liquid phase hydrogenation and in electro catalytic 
application (oxygen reduction reaction) was demonstrated recently.[94, 107, 109]  
  





Figure 13: Preparation procedure of heterogeneous catalyst using “surfactant-free” Pt NPs. The formation of Pt NPs 
proceeds in alkaline EG at 150°C due to reduction of H2PtCl6 (step 1). The NPs are isolated by lowering the pH value, which 
leads to precipitation of the NPs. To remove residual EG, the NPs are washed once with HCl (step 2). Then the isolated NPs 
are re-dispersed in organic medium (e.g. acetone, EG, cyclohexanone, step 3). The addition of the support material (e.g. 
Al2O3) and removal of the solvent leads to supported NPs as model catalysts in heterogeneous catalysis (step 4). (Reprinted 
with the permission of Wiley, ChemNanoMat, 2019, 5, 4, 462-471) 
 
4.2.1 Size control of “surfactant-free” Platinum nanoparticles 
For systematic studies in heterogeneous catalysis it is essential to prepare model catalysts of 
different particle sizes to explore e.g. structure sensitivities. The common strategy to control the size 
of colloidal NPs is the addition of PVP to the EG, which leads to Pt NPs with a size range of                    
1 – 7 nm.[110] However, as discussed in chapter 4.1.2 PVP binds at the NP surface and has to be 
removed before catalysis. In the case of “surfactant-free” Pt NPs several approaches have been 
discussed for size control. In the work of Wang et al. it was shown that the size of the NPs can be 
increased from 1 nm to around 4 nm by adding water to the reaction mixture.[100] However, this 
procedure leads to significant losses of NPs due to particle sintering and the resulting dispersions 
exhibit very limited stability. In fact, the losses are so high that the recipe cannot be used for the 
preparation of supported catalyst. Therefore, other strategies were discussed based on the 
understanding of the surface chemistry of “surfactant-free” Pt NP.  
As shown in chapter 4.2, the “surfactant-free” Pt NPs are supposed to be protected by CO and        
OH-.[101] It was found that the presence of OH- is essential to obtain stable NP dispersions and it was 
discussed that the pH value of the precursor solution influences the particle formation and thus the 
particle size.[100-101, 109, 111-112] However, the pH scale is defined for aqueous media and cannot be 
applied to EG solutions. Hence, the OH- concentration of the precursor solution in EG was varied and 
it was found that with decreasing OH- concentration the particle size increased.[94, 101, 109] Taking into 
account that the OH- concentration of the reaction mixture decreases during reaction (proton 
formation during reduction of H2PtCl6 and neutralization with OH-) a minimal starting OH- 
concentration was found, which leads to stable dispersions. Solutions with lower OH- concentrations 
lead to unstable dispersions with agglomerated NPs, which indicates that the presence of OH- after 
  




NP formation is important to stabilize the NPs. In a detailed study about the OH- concentration in Pt 
NPs dispersions, it was found that not the absolute OH- concentration determines the particle size, 
but the molar ratio of OH-/Pt. For high OH-/Pt ratios small particles are formed, whereas low OH-/Pt 
ratios led to larger particles of up to 5 nm.[109] 
 
  




5. Aim of the work 
The aim of this project was to explore the influence of particle size and the interaction between 
precious metal NPs (Pt in this case) and the support material on the catalytic performance. The 
established synthesis approach of “surfactant-free” Pt NPs, which allows the independent control of 
the material properties (NP and support), was used to prepare supported NP catalysts.  
The first aim was to study the stability of these colloidal NP in presence of halides. Halides are 
present during the preparation procedure (H2PtCl6 is used as precursor and HCl for the isolation step, 
see Figure 13), which may influence the colloidal stability (leaching and Ostwald ripening) as well as 
the catalytic performance (chloride may act as a catalyst poison).  
The catalytic performance of supported NP catalyst depends strongly on the NP properties (e.g. size) 
and therefore an essential challenge was to develop a reproducible synthesis method to control the 
size of the “surfactant-free” Pt NPs with narrow size distribution in the range < 5 nm, where the ratio 
of low and high coordinated surface atoms varies mostly. These NPs were supported onto different 
support materials (inert support material and reducible support materials) in order to systematically 








6. Stability of “surfactant-free” Platinum nanoparticles 
(Relevant paper I) 
The potential of “surfactant-free” Pt NP as heterogeneous catalysts was demonstrated in liquid 
phase hydrogenation reactions and in electro catalytic oxygen reduction reaction.[94, 107, 109] However, 
knowledge about the stability of these catalysts is still scarce. Known degradation pathways of 
heterogeneous NP catalysts are: 
i) Sintering: At high reaction temperature the mobility of the NPs increases and NPs tend 
to agglomerate to decrease their surface energy.[113-114] The formation of agglomerates 
leads to a lowering surface area, which as a result leads to a decreased catalytic activity 
(see Figure 14).[115] 
 
Figure 14: Sintering of NPs at high temperature. 
 
ii) Desorption: In liquid media the NP can desorb from the support material into the 
reaction medium, which leads to a loss of precious metal on the catalyst and the reaction 
medium becomes contaminated with metal traces (see Figure 15).[116] 
 
Figure 15: Desorption of NPs from the support material in liquid media. 
 
iii) Leaching: Halides are known to cause dissolution of the NPs (leaching) and soluble 
atomic species are generated (see Figure 16).[117]  
 
Figure 16: Leaching of NPs in presence of halides (X-). 
 
  




iv) Ostwald ripening: A possible subsequent step after leaching of NPs is Ostwald ripening, 
which leads to growth of larger particles at the expense of small particles (see Figure 
17).[118-120] 
 
Figure 17: Ostwald ripening after leaching of NPs 
 
The latter degradation pathways (leaching and Ostwald ripening) were especially discussed to 
proceed in electrochemical applications. Chloride and a certain potential was identified as the driving 
force for leaching.[121-122] Furthermore, chloride is known to act as a catalyst poison that binds 
strongly to the surface of the particles and blocks active sites.[123-124] However, the presence of 
chloride during catalyst preparation is difficult to avoid, since in most applications chloride containing 
precursors (e.g. H2PtCl6) are used, as they are chemically easy to produce and often the cheapest 
precious metal precursor. So far, little is known about the leaching of metal NPs in organic reaction 
media and under catalytic conditions.  
6.1 Leaching of “surfactant-free” Platinum nanoparticles  
Colloidal “surfactant-free” Pt NPs are an appropriate model system for systematic studies of leaching 
and Ostwald ripening of NPs due to following reasons: 
i) “Surfactant-free” NPs are available as dispersions in the absence of a support material. 
The chemical nature and structure of the support material influences the stability of NPs. 
Furthermore, the leached soluble metal species or the halide could adsorb on the 
support material leading to a complex system for systematic investigations on leaching. 
ii) These NPs are free of organic surfactants. Surfactants could interact with the halides or 
with the metal surface thus influencing the leaching process. “Surfactant-free” Pt NPs are 
only protected by CO and OH-.[101, 107] CO is an adsorbate on precious metal surfaces in 
many catalytic processes.[125] It hence partially represents the chemical states of a 
precious metal surface under catalytic conditions.          
iii) The influence of halides is relevant for the synthesis route. Usually chloride containing 
precursors (H2PtCl6) are used for the reduction to NPs and significant amounts of chloride 
(HCl) are added to the NPs dispersions for the isolation step (see Figure 13).[101, 107]  
  




iv) The NPs can be transferred into different organic media, which allows studying the 
stability in different organic environments. 
First, the influence of chloride on the stability of “surfactant-free” Pt NP dispersions was 
investigated. Therefore, the NPs were treated as shown in Figure 13 (steps 1-3). The as-prepared 
NPs in alkaline EG were precipitated with 1 M HCl and re-dispersed in pure EG without complete 
removal of HCl traces after rinsing of the NPs. In Figure 18 images of the solution after several 
days in the presence of HCl traces are shown. 
 
Figure 18: Optical properties of Pt NP dispersions in pure EG. Pt NPs were precipitated with 1 M HCl and re-dispersed in EG 
without complete removal of HCl traces. The stability of the dispersion was observed over 10 days. (Reprinted with the 
permission of Wiley, ChemNanoMat, 2019, 5, 4, 462-471) 
 
The typical colour of Pt NP dispersions is dark brown[107, 126], which was observed for freshly re-
dispersed Pt NP in pure EG after precipitation and rinsing with 1 M HCl (see Figure 18a). The 
presence of HCl traces led to a colour change with increasing exposure time from dark brown to light 
brown within 5 days (see Figure 18a-d). After 10 days an entirely yellow solution was obtained (see 
Figure 18e). It is known that Pt precursor salts such as platinum chlorides as dissolved species lead to 
a yellow solution.[127] The colour change in presence of HCl indicates that the NPs in the dispersion 
dissolve and soluble Pt species are generated. The same experiment was performed, after thorough 
removal of chloride traces after precipitation and rinsing (see Figure 19). 
 
Figure 19: Optical properties of Pt NP dispersions in pure EG after thorough removal of HCl traces after precipitation. The 
stability of the dispersion was observed over 28 days. 
 
The resulting dispersions do not alter their colour over more than 28 days (see Figure 19), which 
demonstrates that significant amounts of chloride are necessary for complete dissolution and 
formation of soluble Pt species. The stability of Pt NPs was investigated in other organic solvents (e.g. 
acetone) and it was found that leaching is accelerated in organic media with lower viscosity in 
  




comparison to EG. The assumed leaching process in acetone was used for further characterization 
with X-ray adsorption spectroscopy (XAS) (see Figure 20). 
 
Figure 20: XANES spectra (Pt L3-edge) for Pt NPs freshly re-dispersed in acetone (red) and after 5 days in acetone (black) (a) 
and Fourier-transform (FT) magnitudes of k2-weighted EXAFS spectra (black) and the fits (red) at the Pt L3-edge for freshly 
re-dispersed Pt NPs in acetone (b) and for Pt NPs stored 5 days in acetone (c). (Reprinted with the permission of Wiley, 
ChemNanoMat, 2019, 5, 4, 462-471) 
 
X-ray absorption near edge structure spectra (XANES) demonstrate that a fresh sample of Pt NPs re-
dispersed in acetone (after precipitation with HCl) shows mainly metallic character, whereas an aged 
sample of Pt NP in acetone in the presence of chloride anions reveals an increased amount of 
oxidized Pt species due to an increase in the white line intensity of the XANES spectra (see Figure 
20a). In order to quantify the amount of metallic Pt0 and soluble Pt species (Pt2+ and Pt4+) a linear 
combination fitting analysis was performed with Pt foil and K2PtCl4 and K2PtCl6 as reference. The 
amount of metallic Pt0 in a freshly prepared Pt NP dispersion in acetone decreased from 68 ± 2 wt%  
to 20 ± 7 wt% and the amount of soluble Pt species increased (33 ± 6 wt% for Pt2+ and 48 ± 2 wt% for 
Pt4+) after storage for 5 days in acetone.  From extended X-ray absorption fine structure (EXAFS) data 
the nature of the nearest neighbours of Pt were analysed (see Figure 20 b,c). A fresh prepared 
sample of Pt NP in acetone (in presence of chloride) showed that chloride binds to the surface of Pt 
NPs (partial coordination number of Pt-Cl of 1.4 ± 0.3). Whereas, the partial coordination number of 
Pt-Cl increased to 3.7 ± 0.4  for an aged sample, indicating that the colour change of the dispersion 
could be explained with metal leaching in presence of chloride.  
In the next step the influence of oxygen in the leaching process was investigated. In C-C coupling 
reactions the oxidative addition of aryl halides was identified to cause leaching of NPs.[128-129] 
Therefore, leaching in the presence of halides and in an oxygen enriched atmosphere was 
investigated and the leaching process was accelerated. Within 2 days the colour of the NP dispersion 
changed to yellow, when a constant O2 stream (5 mL/min) was added to the dispersion (see Figure 
21a,b). Whereas without additional O2 a colour change to yellow was observed after 10 days 
(compare Figure 18e and 21a,b).  
  





Figure 21: Optical properties of Pt NP dispersion in EG after precipitation with HCl and re-dispersion in EG. The NP dispersion 
were stored in presence of chloride in an O2 enriched atmosphere for at least 2 days (a, b) and under inert gas atmosphere 
for 5 days (c). (Reprinted with the permission of Wiley, ChemNanoMat, 2019, 5, 4, 462-471) 
 
Furthermore, the stability of the NP dispersion in the presence of halides was studies in the absence 
of oxygen (Ar atmosphere), where no colour change was observed (see Figure 21c). This leads to the 
conclusion that the leaching of Pt NPs proceeds by oxidative etching in the presence of halides and 
oxygen.   
The leaching process was studied in the presence of different anions and the concentration of the 
leached soluble Pt species was determined with atomic absorption spectroscopy (AAS). For this 
purpose, Pt NP dispersions were prepared with different precious metal precursors and different 
acids were used for the precipitation step. Residual acid traces were removed thoroughly, which 
leads to optical stable dispersions for all investigated systems. Afterwards, the isolated NPs were re-
dispersed in EG or alkaline EG. The concentration of the leached Pt ions was determined directly 
after precipitation (0 days) and after 7 and 21 day for the following Pt NP dispersions (see Table 1). 
i) H2PtCl6 was used as a chloride containing precursor and these particles were precipitated 
with HCl and oxalic acid (example of a halide free acid) and re-dispersed in pure EG and 
alkaline EG. 
ii) H2PtBr6 was used as a bromide containing precursor and these particles were 
precipitated with HBr and re-dispersed in EG. 
iii) Pt(acac)2 as an example of a halide free Pt precursor was used and these particles were 
precipitated with HCl and oxalic acid and re-dispersed in EG. The latter represents a 
system, which is free of any halides.  
Table 1: Concentration of soluble Pt species in the supernatant of dispersion prepared with H2PtCl6, H2PtBr6, and Pt(acac)2 as 
precursor after exposure to chloride, bromide, and oxalate. The concentration of Pt ions was determined with AAS. 
(Reprinted with the permission of Wiley, ChemNanoMat, 2019, 5, 4, 462-471) 
Precursor  H2PtCl6*6 H2O (i)  H2PtBr6*9 H2O (ii)      Pt(acac)2 (iii) 
Acid 
Anion 




Bromide  Chloride Oxalate 
Day 0  0.16 % 0.07 % 0.16 %    6.90 %  9.94 % 9.88 % 
Day 7  1.85 % 0.01 % 0.47 %  25.25 %  2.94 % 0.79 % 
Day 21  0.16 % 0.03 % 0.44 %  45.35 %  1.99 % 1.92 % 
  




In the presence of chloride only small amounts of soluble Pt ions in the supernatant were detected 
with AAS even after 21 day of exposure (see Table 1). In contrast, a purely bromide based system 
(H2PtBr6 as precursor and HBr for precipitation) showed a strongly increased concentration of Pt ions 
in the supernatant (see Table 1). After 21 days 45% of the total Pt amount in the dispersion was 
detected as Pt ions in the supernatant. The high Pt ion concentrations detected for supernatants with 
Pt(acac)2 as precursor after the isolation (day 0) is related to a limited reducibility of Pt(acac)2 under 
given reaction conditions (see Table 1). After 7 days and 21 days (Pt NPs with Pt(acac)2 as precursor) 
exposure to chloride and oxalate only low concentrations of soluble Pt species were detected in the 
supernatant (see Table 1). However, the presence of soluble Pt ions indicates that leaching in 
presence of halides takes place. 
Ostwald ripening is a possible subsequent step after leaching and leads to an increase of the particle 
size with time. Therefore, transmission electron microscopy (TEM) analysis was performed of Pt NPs 
(H2PtCl6 and H2PtBr6), which were exposed to chloride, oxalate, OH- and bromide. Furthermore, the 
halide free Pt precursor (Pt(acac)2) was used and precipitated with oxalic acid (completely free of 
halides) and HCl as a benchmark experiment. 
 
Figure 22: Particle size analysis of Pt NPs prepared with H2PtCl6, H2PtBr6 and Pt(acac)2 as precursor salts by counting at least 
200 particles. The NPs were exposed to 1 M chloride, 1 M oxalate, 0.5 M hydroxide, and 1 M bromide and the particle size 
was determined after 0, 7, and 21 days. (Reprinted with the permission of Wiley, ChemNanoMat, 2019, 5, 4, 462-471) 
 
  




The synthesis of Pt NPs with H2PtCl6 and H2PtBr6 leads to a mean particle diameter of                         
1.2 nm ± 0.2 nm, whereas Pt(acac)2 as precursor leads to particles with 3.0 nm ± 0.3 nm. With 
increasing exposure time to HCl and HBr the size of the NPs increases significantly (see Figure 22 a-c, 
j-l), indicating that halides promote Ostwald ripening. Interestingly, precipitation of Pt NPs (H2PtCl6 as 
precursor) with oxalic acids shows an increase of the particle size, demonstrating that even chloride 
traces from the precursor initiate Ostwald ripening (see Figure 22 d-f). In the presence of OH- no 
increase of the particle size could be observed (see Figure 22 g-i). As discussed in chapter 4.2 the 
presence of OH- as a protecting species during the synthesis of Pt NP is essential for colloidal 
stability.[101, 107, 109] The binding of OH- at the NP surface electrostatically protects the NP from the 
negatively charged halides and Ostwald ripening is inhibited (see Figure 23). 
 
Figure 23: Influence of the alkaline medium on Ostwald ripening of Pt NPs. 
 
To demonstrate that the halide induce Ostwald ripening the particle size of a halide free synthesis 
with Pt(acac)2 as precursor and oxalic acid for precipitation was analysed and no differences of the 
particle size could be observed (see Figure 22 p-r). As a control experiment the same particles were 
precipitated with HCl and a significant increase of the particle size could be observed (see Figure 22 
m-o). The results clearly show that the presence of halides induces Ostwald ripening.  
6.2 Ostwald ripening for particle size control 
(Relevant paper I) 
In the next step the knowledge of leaching and subsequent growth (Ostwald ripening) was explored 
as controlled way to vary the size of “surfactant-free” Pt NP. It was shown that halide traces from the 
precursor are sufficient to induce Ostwald ripening (see Figure 22 d-f). To accelerate Ostwald 
ripening a reducing atmosphere was used and therefore the reaction time in alkaline EG at 150°C was 
varied. The development of the particle size during the synthesis with H2PtCl6, H2PtBr6 and Pt(acac)2 
is shown in Figure 24.  
  





Figure 24: Effect of the reaction time on the resulting particle size of Pt NPs during the synthesis in alkaline EG at 150°C. The 
synthesis was performed with H2PtCl6 (black), H2PtBr6 (red) and Pt(acac)2 (blue) as precursor for 17 h. The trend lines serve 
as a guide to the eye and have no physical meaning. (Reprinted with the permission of Wiley, ChemNanoMat, 2019, 5, 4, 
462-471) 
 
The synthesis with H2PtBr6 leads to a faster particle growth compared to the particle formation with 
H2PtCl6 (see Figure 16). This is in accordance with the fact that in presence of bromide significantly 
more soluble Pt ions are formed than in the presence of chloride. The reducing atmosphere during 
the synthesis enhances the reduction of the leached Pt species and the growth of the NPs is 
favoured. No particle growth was observed for Pt(acac)2 as precursor, demonstrating that halides are 
essential for Ostwald ripening (see Figure 24). 
The here introduced concept for a precise size control of “surfactant-free” Pt NPs by targeted 
Ostwald ripening in the presence of chloride and bromide leads to a size range of 1 to 4 nm using 
H2PtCl6 (1 nm), H2PtBr6 (2 nm) and Pt(acac)2 (3 nm and 4 nm) as precursor. Pt NPs with 4 nm particle 
size are obtained during Ostwald ripening at room temperature using Pt(acac)2 as precursor and the 
presence of chloride. However, the particle growth via Ostwald ripening needs at least 21 days to 
receive a particle size of 4 nm (see Chapter 6.1, Figure 22 o). Therefore, small amounts of chloride 
were added during the formation of Pt NPs with Pt(acac)2 as precursor in alkaline EG in order to 
accelerate Ostwald ripening in a reducing atmosphere. However, the presence of chloride during the 
NP formation with Pt(acac)2 as precursor leads to agglomeration of the NPs. To overcome these 
disadvantages the known concepts for size control of “surfactant-free” Pt NPs (see chapter 4.1) were 
combined with the new findings in terms of leaching and Ostwald ripening by variation of:  
i) the OH- concentration during the synthesis[101, 109]  
ii) the applied metal precursor 
iii) the reaction time and halide during synthesis to induce leaching and Ostwald ripening 
  




NP dispersion could be prepared with narrow size distribution in a size range of 1 – 4 nm (see Figure 
25). A further particle size increase was not feasible using “surfactant-free” preparation methods. A 
further extension of the reaction time in alkaline EG led to particles, which contained significant 
amounts of organic residues on the particle surface and are hence no more “surfactant-free”. 
Another option was the decreasing OH- concentration in the reaction medium using Pt(acac)2 as a 
precursor. However, the yield of Pt NPs with low OH- concentrations was too low for the preparation 
of supported model catalysts.  
 
 
Figure 25: Particle size distributions and TEM images of colloidal “surfactant-free” Pt NPs with a size range of 1 – 4 nm. 
(Reprinted with the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672)  
 
The aim was to explore the stability of “surfactant-free” Pt NPs and it was found that halides traces 
from the used metal precursor and from the isolation procedure induce dissolution of the NPs. The 
formed soluble Pt species lead to NP growth. The Ostwald ripening in presence of halides was further 
used to control the size of “surfactant-free” Pt NPs, which was a further aim of this work and Pt NPs 
dispersions in a size range of 1 – 4 nm were obtained.  
6.3 Characterization of Platinum nanoparticles supported on Al2O3 
(Relevant paper I, II) 
The colloidal “surfactant-free” Pt NPs (1 – 4 nm) were all prepared in alkaline EG and the resulting 
dispersions were stable over several months without visible NP aggregation. These NPs can be used 
directly to prepare supported NP catalyst for heterogeneous catalytic applications. All NPs dispersion 
(1 – 4 nm) could be precipitated by lowering the pH value with 1 M HCl and rinsed with acid to 
remove residual EG traces. The isolated NPs can be re-dispersed in low boiling solvents (acetone used 
in this case) and addition of any given support material leads to heterogeneous catalyst without the 
need of further pre-treatment before catalysis (see Figure 13, step 4).  
  





6.3.1 TEM images  
For further characterization these NPs were supported onto γ-Al2O3. TEM measurements were 
performed for the supported Pt NPs on Al2O3 before catalysis and after heat treatment and exposure 
to reducing conditions (5% H2 at 200°C) (see Figure 26). 
 
Figure 26: TEM images of supported “surfactant-free“ Pt NPs on Al2O3 before (a, d, g, j) catalysis and after heat treatment 
with 5% H2 for 2 h at 200°C (b, e, h, k) and the corresponding particle size distributions (c, f, i, l). (Reprinted with the 
permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
  




The TEM images clearly indicate that the particle size does not change after the supporting step. 
Furthermore exposure to 200°C does not alter the particle size and no agglomeration was observed 
(see Figure 26). 
6.3.2 Solid state 13C NMR  
In order to exclude significant amounts of organic residues from the preparation procedure on the 
surface of supported Pt NPs catalysts with particle sizes of 1 – 4 nm, the catalysts were investigated 
with 13C solid state NMR. The Pt NPs on Al2O3 were exposed to 13CO and a pronounced NMR signal 
was found at 162 ppm, which was identified as carbonate species formed on Al2O3 (see Figure 27 
a).[130] The absence of further signals indicates that no significant amounts of carbon containing 
species are present on the Pt surface. In order to demonstrate the suitability of solid state NMR for 
the characterization of supported Pt NPs, a sample was prepared, which contained oxidation 
products of EG on the catalyst surface due to an enhanced reaction time in alkaline EG. A NMR signal 
at 64 ppm is clearly visible (see Figure 27 b). The chemical shift of 60 ppm is known for organic 
molecules at Pt surfaces. Consequently, the catalyst surfaces prepared from “surfactant-free” Pt NPs 
are free of significant amounts of organic residues and can hence be used as heterogeneous catalyst 
without the need of ligand removal before catalytic studies. 
 
Figure 27: Solid state 13C NMR spectra of „surfactant-free“ Pt NPs on Al2O3 (1 – 4 nm particle size, a) after exposure to 
13CO 
and a reference spectrum with organic molecules at the particle surface (b). (Reprinted with the permission of Elsevier, 
Journal of Catalysis, 2019, 377, 662-672) 
 
6.3.3 Influence of halide traces  
The preparation procedure of colloidal “surfactant-free” Pt in alkaline EG requires the use of chloride 
or bromide containing precious metal precursors in order to obtain small NPs. Furthermore, HCl 
traces are present from NP isolation and rinsing. Chloride is known to influence the catalytic 
performance in electrochemical applications and it was discussed that chloride may act as a catalyst 
poison in heterogeneous catalysis.[121-124] Therefore, the here prepared catalysts were investigated in 
STEM modus and EDX spectra were recorded. During the EDX measurements no chloride or bromide 
  




was found on the catalysts, when they were washed intensively with acetone after NP deposition. 
Additionally, the absence of halides on the catalysts surface was demonstrated by investigation of 
the catalytic properties of Pt NPs with the same particle size, but with different halides during the NP 
formation. Therefore, small Pt NPs (1 nm and 2 nm) were prepared either with a chloride or a 
bromide containing precursor and the activities of colloidal prepared Pt NPs with 3 nm were 
compared with an industrial catalyst (provided by Clariant) with an average particle size of 3 nm ± 
1 nm. As a model reaction the oxidation of CO was used (see Table 2).  
Table 2: Catalytic activity from steady state measurements with supported Pt NPs with 1 nm, 2 nm, 3 nm particles size with 
different preparation procedures in absence and presence of halides. CO oxidation was used as a model reaction at 200°C 






Comparing the activities of Pt NPs with 1 nm and 2 nm particles size with different preparation 
procedures (chloride or bromide containing precursors) indicates that the activity is not influenced 
by either chloride or bromide. Furthermore, colloidal Pt NPs with 3 nm particle size and an industrial 
catalyst with similar particle size exhibits similar activities (see Table 2). The difference of the 
activities depends therefore only on the particles size, which is discussed in the following chapter and 
not to any artefact from the preparation procedure of the colloidal NPs.  
The here presented preparation strategy of supported Pt NPs in a size range of 1 – 4 nm allows to 
prepare tailored model catalyst for heterogeneous catalysis reaction with the ability to change (see 
Figure 28) 
i) the active metal component (in this work the focus is on Pt NPs, but the reaction 
procedure is similar for Ru and Ir NPs) 
ii) the particle size (the here presented preparation strategy allows to tune the particle size 
with narrow size distribution in a range of 1 to 4 nm.) 
iii) the influence of the support material (e.g. strong metal support interaction (SMSI) 
effects can be studied) 








1 nm H2PtCl6 0.22 
1 nm H2PtBr6 0.21 
2 nm H2PtCl6 0.47 
2 nm H2PtBr6 0.46 
3 nm Pt(acac)2 0.20 
3 nm Industial 0.22 
  





Figure 28: The here presented preparation procedure of “surfactant-free” Pt NPs allows varying the particle size, the metal, 
the composition, and the support material independently.  
 
In the following, these heterogeneous catalysts were applied to study systematically the catalytic 
performance of CO oxidation depending on i) the particle size ii) the influence of metal support 
interactions and iii) bimetallic NPs.  
  




7. Catalytic CO oxidation  
Carbon monoxide is a toxic gas and the toxicity is related to the strong binding of CO to the iron atom 
of haemoglobin. The oxygen transport is hindered, which leads to an oxygen deficiency and 
suffocation.[131] CO is produced by incomplete combustion of hydrocarbons, for example when 
burning wood, coal, plastic, or by the combustion of fuel in car engines.[132-134] In order to minimize 
the CO emission, CO in the presence of oxygen is converted to the less harmful CO2. However, the 
reaction of CO and O2 requires activation and dissociation of O2. Hence an efficient catalyst must be 
able to decrease the activation barrier for O2 dissociation, release oxygen, and activate CO.
[135]  
A further important application for catalytic CO oxidation is the selective conversion of CO in 
hydrogen streams.[136-138] Hydrogen is an energy carrier that can be converted in fuel cells for energy 
generation. However, CO traces are known to strongly bind to active sites of the precious metal 
electrodes in the fuel cell. As a result, the active sites of the electrodes decrease by poisoning with 
CO and the efficiency of the fuel cell is lowered.[139] In order to avoid this deactivation, CO has to be 
removed from the gas stream by selective oxidation to CO2, which does not strongly interfere with 
precious metal surfaces.  
Besides its industrial importance, CO oxidation is often used as a model reaction in academic 
research due to the formation of CO2 as the sole product and the seeming simplicity of the overall 
reaction (2 CO + O2  2 CO2).
[140] CO oxidation is effectively catalysed by late transition d-metals (Pt, 
Pd, Ru, Rh, Ir).[141-142] The focus at this work is CO oxidation on supported Pt NPs. CO oxidation on Pt 
has been extensively investigated in surface science studies under ultra-high vacuum (UHV) 
conditions and under catalytically relevant condition, but the mechanism and in particular particle 
size effects (structure sensitivity) are still controversially discussed.[125, 142-145]   
Generally the mechanism for CO oxidation on Pt surfaces is described to occur via a Langmuir 
Hinshelwood mechanism (see Chapter 3.1.1) with competitive adsorption of CO and O2 on the 
catalyst surface followed by O2 dissociation.
[146-148] These necessary adsorption steps are discussed in 
the following. 
7.1 Adsorption of CO on Platinum 
CO is known to chemisorb molecularly and strongly on Pt surfaces with the carbon atom bond to the 
surface. The strong interaction of Pt and CO can be explained by the Blyholder model (see Figure 
29).[149]  
  





Figure 29: (a) MO scheme of the Blyholder model of the CO bond to a d-transition metal. (b) illustrates the σ bond of the 5σ 
orbital of the CO and the empty d-band of the metal. (c) demonstrates the π back bond of the filled d-band of the metal with 
the 2π
* orbital of the CO. 
 
The first bond, which describes the interaction of Pt and CO is the dative bond between the highest 
occupied molecular orbital (HOMO), 5σ orbital) and the empty d-band of the metal (see Figure 29b). 
The second bond is the π-back donation from the filled metal d-band to the lowest unoccupied 
molecular orbital (LUMO) of the CO molecule (2π* orbital) (see Figure 29c).[150] The strength of the 
CO bond to transition metal is mainly determined by the π-back donation that results in different CO 
adsorption energies on different adsorption sites. For low-coordinated surface sites (corner and edge 
atoms) the d-band centre of the metal shifts towards the Fermi level (EF), which means that the π-
back donation increases and the CO binds stronger at low coordinated surface sites.[151] A Pt surface, 
which is covered with a monolayer of CO, is catalytically inactive, since the strong adsorption of CO 
on Pt inhibits adsorption and dissociation of O2. From surface science studies on Pt single crystals it 
was found that CO starts to desorb at 177°C from terrace atoms and at 277°C from low coordinated 
sites.[152] This explains that in order to proceed effectively temperatures of ≥170°C are needed for CO 
oxidation. In this temperature regime the reaction is limited by CO desorption from the catalyst 
surface, which means that CO is the most abundant reaction intermediate (MARI) and negative 
reaction orders for CO are observed in kinetic studies.[125, 142-143] With increasing reaction temperature 
the CO* coverage decreases and empty surface sites (*) replace CO* as the MARI. At high 
temperatures the Pt surface is essentially uncovered during the reaction, which results in a change of 
the kinetic regime and reaction rates are insensitive to CO partial pressure.[143] 
  




7.2 Dissociation of oxygen on Platinum 
The Langmuir Hinshelwood mechanism requires that besides CO also O2 adsorbs on the Pt surface. 
From surface science studies with Pt surfaces it is known that O2 adsorbs in a molecular state at 
temperatures < -123°C. Hence, under catalytically relevant conditions (T > -123°C) O2 dissociates and 
an atomic overlayer is formed.[153] For stepped Pt surfaces it was found that low coordinated sites 
bind oxygen molecules stronger than terrace atoms and a higher dissociation rate of O2 was 
observed on atoms with low coordination number.[154] However, under realistic reaction conditions 
O2 adsorbs on surfaces with adsorbed CO. In order to describe the probability of adsorption of a 
molecule to the surface, the sticking coefficient was defined as the ratio of molecules being bound to 
the surface compared to the number of collisions of the adsorbate molecule with the surface.[155] The 
sticking coefficient of oxygen on a Pt(110) single crystal depends on the CO coverage. Imbihl and Ertl 
demonstrated that the surface structure changes from a 1 x 2 structure with a sticking coefficient of 
oxygen of S = 0.3 – 0.4 on a clean Pt surface and changed to a 1 x 1 structure with  S = 0.5 – 0.6 on a 
CO covered surface.[156] Consequently, O2 adsorption depends strongly on the reaction conditions 
and the catalyst surface and it was found that the changes of the surface structure leads to 
oscillations in the steady state rate during CO oxidation.[156-157] 
 
7.3 Exclusion of heat and mass transfer limitations 
(Relevant paper II) 
The aim of this work was to determine the intrinsic kinetics of CO oxidation on supported Pt catalysts 
with different particle sizes. For this purpose, heat and mass transport limitations have to be 
excluded. Therefore, different tests were performed before conducting kinetic studies and in order 
to achieve differential operation conditions the conversion was keep below 10 % for all catalysis 
experiments.[68, 158]   
CO oxidation is an exothermic reaction and the production of heat during the reaction might lead to 
a strong heating of the catalyst bed, which results in higher catalytic activities. In order to avoid 
heating up of the catalyst bed, the catalysts were diluted with inert support material and the 
required dilution ratio was determined. Therefore, the catalytic activity was determined for the 
undiluted catalyst and activities of different dilution ratios with Al2O3 as inert material were 
performed (see Figure 30). 
  





Figure 30: Test for the absence of heat transfer limitations. The TOF was determined of an undiluted catalyst and dilution 
ratios of 1:10, 1:50, and 1:80 (catalyst : Al2O3) were prepared and TOF values were determined. The amount of catalytic 
relevant Pt was constant in all experiments. (Reprinted with the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-
672) 
 
The undiluted catalyst showed a significantly higher TOF than the diluted catalyst with a dilution ratio 
of 1:10. A further dilution (up to a ratio of 1:80) leads to no further decrease of the TOF, which 
indicates that a dilution of 1:10 is sufficient to exclude heat transfer limitations (see Figure 30). In this 
work a dilution ratio of 1:50 was chosen.  
In heterogeneously catalysed gas phase reactions the transfer of the reactants to the catalyst has to 
be considered. In order to determine possible external transfer limitation the total gas flow was 
varied in a range of 100-200 sccm and the space velocity was calculated (see Figure 31). 
 
Figure 31: Test for external mass transfer limitations. The total gas flow was varied and the space velocity was calculated. 
The TOF was determined for different space velocities. (Reprinted with the permission of Elsevier, Journal of Catalysis, 2019, 
377, 662-672) 
 
For all space velocities identical TOF values were obtained, which indicates that the catalytic 
performance is not influenced by external mass transfer limitations (see Figure 31). 
Finally, the reactants have to diffuse to the active sites in the porous catalyst and hence internal 
mass transfer limitations could influence the catalytic performance. Therefore, the Madon-Boudart 
  




test was performed and catalysts with different metal loadings were prepared (0.25 wt%, 0.5 wt%, 
1 wt% and 2 wt% Pt) (see Figure 32).[159]  The total Pt amount was kept constant for all experiments.    
 
Figure 32: Test for internal mass transfer limitation. The metal loading was varied between 0.25 wt% and 2 wt%. The total 
Pt content in the experiments was kept constant and TOF values were determined. (Reprinted with the permission of 
Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
For all metal loadings similar TOF values were obtained, which indicates that no internal mass 
transport limitations were present under given reaction conditions (see Figure 32). In the following a 
loading of 1 wt% of Pt on Al2O3 was chosen.  
The tests for heat and mass transfer limitations were all negative, which means that steady state 
kinetics of CO oxidation with supported Pt NPs can be studied. Furthermore, reaction mechanisms 
can be postulated and apparent activation energies can be determined. 
7.4 Kinetics of CO oxidation depending on the particle size 
(Relevant paper II) 
Kinetic CO oxidation studies were performed using “surfactant-free” Pt NPs with 1 nm, 2 nm, 3 nm, 
and 4 nm particle size, which were supported on inert Al2O3. In order to determine the intrinsic 
activities for each particle size, the turnover frequency (TOF) was calculated normalized to the total 
number of surface atoms. The number of surface atoms was estimated from the average particle size 
determined from TEM images and assuming a spherical shape and a close-packed crystal structure as 
an approximation. For determination of kinetic parameters (reaction orders and effective rate 
constants) partial pressure dependencies for both reactants were performed. The reaction orders 
were determined fitting the partial pressure dependencies with a power law function and the 
exponent reflects the reaction order. Another possibility to obtain reaction orders is a double 
logarithmic plot of the TOF as a function of the partial pressure. However, both possibilities led to the 
same reaction orders. The activation energies were determined using Arrhenius plots. Therefore, the 
  




reaction temperature was decreased by 10 K in 5 K steps and increased by 10 K in 5 K steps. The 
reaction rates were determined at different reaction temperatures and the ln(TOF) was plotted 
against 1/T. From the slope the apparent activation energies were determined. For the O2 partial 
pressure dependencies the O2 partial pressure was varied between 6.8 – 20.3 kPa and a constant CO 
partial pressure of 0.39 kPa and for the CO partial pressure dependencies the CO partial pressure was 
varied between 0.29 – 0.45 kPa CO and a constant O2 partial pressure of 12.2 kPa was applied. The 
kinetics of CO oxidation depending on the particle size were investigated at three different reaction 
temperatures. The results are discussed in the following chapters. 
7.4.1 CO oxidation at 170°C 
CO oxidation was studied at 170°C and partial pressure dependencies are shown in Figure 33.  
 
Figure 33: Partial pressure dependences for CO oxidation at 170°C for supported Pt NPs on Al2O3 with 1 nm (black), 2 nm 
(red), 3 nm (blue), and 4 nm (green) particle size. For O2 partial pressure dependences the partial pressure of O2 was varied 
between 6.8 and 20 kPa with a constant CO partial pressure of 0.39 kPa (a). For the CO partial pressure dependence the CO 
partial pressure was varied in a range of 0.29 to 0.45 kPa and a constant O2 partial pressure of 12.2 kPa (b). (Reprinted with 
the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
For all particle sizes the TOF values are proportional to the partial pressure of O2 and inversely 
proportional to the CO partial pressure (see Figure 33). Considering that all surface atoms are 
catalytically active, particles being 2 nm in size exhibit the highest catalytic activity, followed by 
particles with 1 nm mean particle diameter. Particles with 3 nm and 4 nm are significantly less active. 
The assumption that NPs under reaction conditions are in the energetically favoured shape (cubo-
octahedral shape), particles with 2 nm exhibit a maximum of edge atoms (see chapter 4, Figure 
10).[76-78, 160] From surface science studies it is known that O2 preferentially adsorbs and dissociates on 
edge atoms.[154] Hence, the effective O2 activation explains the high activity for particles with 2 nm 
size.  
In the next step reaction orders and apparent activation energies were determined from the partial 
pressure dependences (see Table 3). 
  




Table 3: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation energies 






For all particle sizes similar reaction orders for O2 and CO and similar apparent activation energies 
were obtained, which indicates that the reaction proceeds in the same kinetic regime independent of 
the particle size (see Table 3). The negative reaction orders for CO demonstrate that the reaction 
proceeds via a Langmuir Hinshelwood mechanism with competitive CO and O2 adsorption with CO as 
MARI.[125] A reaction mechanism is introduced, which is suitable to explain the observed reaction 
order for O2 (see Figure 34). 
 
Figure 34: Sequence of elementary steps of CO oxidation on Pt NPs with dissociative O2 adsorption (mechanism A). 
(Reprinted with the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
CO chemisorbs on the Pt surface and the formation of CO* is assumed to be quasi-equilibrated (A1). 
Gaseous molecular O2 chemisorbs dissociatively, which requires two adjacent free adsorption sites 
(A2). The rate determing step is the surface reaction of adsorbed CO* and O* to CO2* (A3). CO2* than 
desorbs in the last step (A4). A pseudo steady-state analysis of the sequence of elementary steps and 
the assumption that CO is the MARI (   [  ]   ) leads to following rate equation (26): 
     
   √   [  ]
  [  ]
                                                                       
The expected reaction order for O2 from equation (26) of 0.5 is in close agreement with the observed 
reaction order of 0.65 ± 0.05. However, equation (26) predicts a reaction order of -1 for CO, which is 
not in accordance with the observed reaction order of -0.45 ± 0.05. Therefore, another reaction 
pathway is expected to occur in parallel. In the presence of CO, Pt is known to accumulate carbon 
and two reaction mechanisms are possible to explain the formation of surface carbon C*.[161-162] The 












1 nm 0.64 ± 0.05 -0.48 ± 0.05 64.7 ± 1.2 
2 nm 0.68 ± 0.05 -0.47 ± 0.05 65.9 ± 1.1 
3 nm 0.63 ± 0.05 -0.45 ± 0.05 64.2 ± 1.6 
4 nm 0.64 ± 0.05 -0.45 ± 0.05       63.9 ± 2.7 
  




The C* then reacts with adsorbed O2* to CO2* (B4) (see Figure 35). The second reaction mechanism is 
the dissociation of adsorbed CO* to C* and O* and following C* can react with O2* to CO2*.[164] The 
plausibility of both reaction mechanisms was demonstrated with isotopic labelling experiments (18O2) 
and the latter reaction mechanism was excluded by fitting the partial CO partial pressure 
dependence with the rate equation of the Boudouard reaction and the rate equation of the CO 
dissociation.  
 
Figure 35: Sequence of elementary steps of CO oxidation on Pt NPs of the Boudouard reaction (mechanism B). (Reprinted 
with the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
Pseudo steady state analysis of the Boudouard reaction leads to following predicted rate equation 
(27): 
     
       
 [  ] 
      [  ]  
                                                                    
The measured partial pressure dependencies were fitted with the sum of the rate equation of the 
Langmuir Hinshelwood mechanism with dissociative O2 adsorption and the Boudouard reaction and 
the data fits led to good correlation. Hence, the kinetics of CO oxidation at 170°C can be explained by 
the combination of mechanism A and B for all particle sizes.  From the data fits the rate constants (keff 
and kB3) and the contribution of the Boudouard reaction was calculated (see Table 4).  
Table 4: Rate constants (keff and kB3) and the percentage of the contribution of the Boudouard reaction for CO oxidation at 





It was found that with increasing particle size the contribution of the Boudouard reaction increased, 









Ratio of the Boudouard 
reaction (%) 
1 nm 0.0102 ± 0.0015 0.0015 ± 0.0002 2.3 
2 nm 0.0165 ± 0.0025 0.0040 ± 0.0006 2.4 
3 nm 0.0051 ± 0.0008 0.0031 ± 0.0005 9.2 
4 nm 0.0018 ± 0.0003 0.0022 ± 0.0003                  18.0 
  




7.4.2 CO oxidation at 200°C 
In order to investigate possible changes of the kinetic regime with increasing reaction temperature 
the same catalysts (1 - 4 nm) were investigated in the same partial pressure regime, but at a reaction 
temperature of 200°C (see Figure 36). 
 
Figure 36: Partial pressure dependences for CO oxidation at 200°C for supported Pt NPs on Al2O3 with 1 nm (black), 2 nm 
(red), 3 nm (blue), and 4 nm (green) particle size. For O2 partial pressure dependences the partial pressure of O2 was varied 
between 6.8 and 20 kPa with a constant CO partial pressure of 0.39 kPa (a). For the CO partial pressure dependence the CO 
partial pressure was varied in a range of 0.29 to 0.45 kPa and a constant O2 partial pressure of 12.2 kPa (b). (Reprinted with 
the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
At 200°C reaction temperature the same particle size dependence for the activity was observed as at 
170°C. Again the 2 nm particles exhibit the highest activity and for larger particles (≥ 3 nm) lower TOF 
values were obtained (see Figure 36). In order to demonstrate possible changes of the kinetic regime 
the reaction orders and apparent activation energies were determined (see Table 5). 
Table 5: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation energies 






Increasing the reaction temperature leads to a significant change of the reaction orders and apparent 
activation energies with increasing particle size, indicating that the kinetic regime changes with 
increasing temperature and furthermore depends on the particle size (see Table 5). The negative 
reaction orders for CO at 200°C indicate, that the surface is still covered with CO (CO is MARI). 
Interestingly, for Pt NPs with 1 nm particle size reaction orders of 1 for O2 and -1 for CO were 












1 nm 1.00 ± 0.05 -1.06 ± 0.05      100.3 ± 4.3 
2 nm 0.92 ± 0.05 -0.83 ± 0.05 93.2 ± 1.5 
3 nm 0.80 ± 0.05 -0.73 ± 0.05 71.4 ± 2.9 
4 nm 0.61 ± 0.05 -0.63 ± 0.05 63.7 ± 2.7 
  




following mechanism has been postulated for CO oxidation on Pt surfaces by Langmuir (see Figure 
37).[125, 135, 165] 
 
Figure 37: Sequence of elementary steps of CO oxidation on Pt postulated by Langmuir (mechanism C).[135] (Reprinted with 
the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
The adsorption of CO is assumed to by quasi-equilibrated (C1) and the rate determing step is the 
irreversible molecular adsorption of O2 (C2). In a subsequent step the adsorbed O2* interacts with a 
free adsorption sites, which leads to dissociation of O2 (C3). CO2* is formed by the surface reaction of 
O* and CO* (C4). Subsequently, CO2* desorbs from the catalyst surface (C5). This sequence of 
elementary steps with the assumption that CO is MARI leads to following rate equation (28): 
     
   [  ]
   [  ]
                                                                           
Hence, the here introduced reaction mechanism predicts reaction orders of 1 for O2 and -1 for CO as 
observed under the here applied reaction condition for Pt NPs with 1 nm particle size. However, the 
reaction mechanism predicts that the molecular adsorption of O2 is the rate determining step, which 
seem unlikely due to the expectations that the subsequent steps (O2 dissociation or reaction of O* 
and CO*) exhibit higher activation barriers. Therefore, another reaction mechanism was proposed by 
Allian et al. (see Figure 38).[125] 
 
Figure 38: Sequence of elementary steps of CO oxidation on Pt postulated by Allian et al. (mechanism D).[125] (Reprinted with 
the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
Compared to mechanism C, mechanism D assumes quasi-equilibrated molecular adsorption of CO 
and O2 (D1, D2) and the kinetically relevant step is expected to be the irreversible reaction of O2* 
  




with CO* to CO2* and O* (D3). In a subsequent step, the formed O* reacts with another adsorbed 
CO* to CO2* (D4), which desorbs from the surface (D5). This sequence of elementary steps with CO 
as MARI leads to following rate equation based on the steady state approximation (29): 
     
       [  ]
   [  ]
                                                                      
Mechanism D as well as mechanism C predict both a reaction order of 1 for O2 and -1 for CO. Hence, 
from kinetics studies mechanism C and D cannot be distinguished. Only the effective rate constants 
     of mechanism C and D vary (mechanism C:      
   
   
 and mechanism D:      
       
   
) and 
neither spectroscopy nor isotopic labelling experiments can distinguish between mechanism C or 
D.[125]  
With increasing particle size the reaction order for O2 decreases and the reaction order for CO 
increases (see Table 5). The shift of the reaction order of O2 toward 0.5 with increasing particle size 
implies that dissociative O2 adsorption (mechanism A) is preferred on large particles and the change 
of the CO reaction order indicates that the Boudouard reaction (mechanism B) proceeds as a side 
reaction. From effective rate constants (keff) the contribution of the Boudouard reaction (kB3) was 
calculated and it was found that with increasing particle size the percentage of the Boudouard 
reactions increases (see Table 6). This leads to the assumption that dissociative O2 adsorption and 
the Boudouard reaction proceed mainly when a high number of terrace atoms is present.  
Table 6: Rate constants (keff and kB3) and the percentage of the contribution of the Boudouard reaction for CO oxidation at 





The change of the reaction mechanism is further supported by the significant decrease of the 
activation energy with increasing particle size (see Table 5). From DFT calculations on Pt NPs and on 
single crystals it is known that the binding energy of CO increases and the activation barrier of the 
reaction with CO* and O2* decreases with decreasing coordination number of Pt surface atoms.
[125] 
Hence, the apparent activation energy is expected to increase when a high number of low 
coordinated surface atoms are present. This is in accordance with the decreasing activation energy 









Ratio of the Boudouard 
reaction (%) 
1 nm 0.0105 ± 0.0016 - 0.0 
2 nm 0.0277 ± 0.0042 0.0017 ± 0.0003 0.5 
3 nm 0.0164 ± 0.0025 0.0140 ± 0.0021 8.5 
4 nm 0.0127 ± 0.0019 0.0120 ± 0.0018 14.0 
  




The results show that the reaction mechanism for CO oxidation changes with increasing particle size 
at 200°C. On particles with a high ratio of low coordinated surface atoms (1 nm and 2 nm) mainly 
mechanism C or D was identified, whereas with increasing number of terrace atoms the dissociative 
O2 adsorption and the Boudouard reaction as a side reaction were discussed.  
7.4.3 CO oxidation at higher temperature 
CO oxidation with Pt NPs in a size range of 1 – 4 nm demonstrates that the reaction mechanism 
depends on the reaction temperature and on the particle size. Therefore, the reaction temperature 
was increased for particles > 1 nm. A reaction temperature of 210°C was used for Pt NPs with 2 nm 
size and for larger Pt NPs the temperature was further increased to 235°C for 3 nm and 250°C for 
4 nm Pt NPs (see Figure 39). 
 
Figure 39: Partial pressure dependences for CO oxidation for supported Pt NPs on Al2O3 with a particle size of 2 nm (red) at 
210°C, 3 nm (blue) at 235°C, and 4 nm (green) at 250°C. For O2 partial pressure dependences the partial pressure of O2 was 
varied between 6.8 and 20 kPa with a constant CO partial pressure of 0.39 kPa (a). For the CO partial pressure dependence 
the CO partial pressure was varied in a range of 0.29 to 0.45 kPa and a constant O2 partial pressure of 12.2 kPa (b). 
(Reprinted with the permission of Elsevier, Journal of Catalysis, 2019, 377, 662-672) 
 
From the partial pressure dependences reaction orders for O2 and CO and apparent activation 
energies were determined (see Table 7). 
Table 7: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation energies 
obtained for Pt NPs with 2 nm at 210°C, 3 nm at 235°C, and 4 nm at 250°C. (Reprinted and modified with the permission of 





The reaction orders of 1 for O2 and -1 for CO obtained for Pt NPs with 2 nm size at 210°C 














2 nm 210 1.03 ± 0.05 -1.05 ± 0.05 103.6 ± 3.5 
3 nm 235 0.84 ± 0.05 -0.78 ± 0.05   80.7 ± 2.8 
4 nm 250 0.67 ± 0.05 -0.72 ± 0.05   80.2 ± 2.7 
  




the kinetic regime that has been observed for Pt NPs with 1 nm size at 200°C (mechanism C or D). 
The similar activation energy of Pt NPs with 2 nm (compared to Pt NPs with 1 nm at 200°C) indicates 
that the adsorption energies and the reaction barriers are similar. Furthermore, a contribution of the 
Boudouard reaction is completely suppressed at 210°C (see Table 8), whereas at 200°C still a minor 
contribution of the Boudouard reaction was observed (see Table 6).  
Table 8: Rate constants (keff and kB3) and the percentage of the contribution of the Boudouard reaction for CO oxidation at 
210°C for 2 nm, 235°C for 3 nm, and 250°C for 4 nm. (Reprinted and modified with the permission of Elsevier, Journal of 





The reaction of two adjacent CO* molecules was discussed to proceed mainly on terrace atoms and 
the temperature increase of 10 K shifts the ratio of adsorbed CO towards more CO bound to low 
coordinated surface atoms. Hence, CO oxidation over Pt NPs being 2 nm in size proceeds mainly on 
edge and corner atoms, where mechanism C or D are discussed to be favoured. For Pt NPs with 3 nm 
and 4 nm a further temperature increase up to 250°C shows no significant differences of the reaction 
orders or apparent activation energies compared to the kinetic parameters at 200°C (see Table 5 and 
7). Due to the high number of terrace atoms on large particles the kinetics are mainly determined by 
dissociative O2 adsorption and the Boudouard reaction, even at higher reaction temperatures. 
The micokinetic study with “surfactant-free” Pt NPs supported on Al2O3 indicates that the reaction 
mechanism of CO oxidation is rather complex and depends on the particle size as well as on the 
reaction temperature. Only for small particles (≤ 2 nm) a distinct kinetic regime (mechanism C or D) 
was identified at reaction temperature ≥ 200°C. With increasing particle size at least two different 
reaction mechanisms (mechanism A and B) are discussed to proceed in parallel.  
In order to further tune the catalytic performance of heterogeneous catalysis the following three 
factors can be varied: 
i) Particle size 
ii) Metal support interactions 
iii) Bimetallic NPs 
The above discussed results indicate that the catalytic properties of CO oxidation can be tuned by 









Ratio of the Boudouard 
reaction (%) 
2 nm 0.0760 ± 0.0114 - 0.0 
3 nm 0.0300 ± 0.0046 0.0028 ± 0.0008 2.5 
4 nm 0.0417 ± 0.0060 0.0210 ± 0.0038 8.0 
  




investigate the influence of metal-support interactions and bimetallic NPs on the catalytic 
performance of CO oxidation. The same Pt NPs (1 - 4 nm) were deposited onto reducible support 
materials (Fe3O4 in this case), which may interact with the NPs and strong metal-support interactions 
(SMSI) can be studied depending on the particle size and be compared to CO oxidation on inert 
support materials under identic reaction conditions (reaction temperature, partial pressures etc.). 
Furthermore, bimetallic Fe-Pt NPs are used as catalysts in CO oxidation in order to investigate the 
influence of bimetallic NPs.  
  




8. Strong metal-support interactions  
The term strong metal-support interactions (SMSI) was first defined by Tauster in the year 1978.[166] 
It was found that the properties of H2 and CO chemisorption decreased drastically when supported 
precious metal NPs on TiO2 were reduced at high temperatures. The reason for the decreased 
chemisorption capacity is the formation of an oxide layer due to migration of TiOx species at high 
temperature which cover the active metal component completely or partially.[166-169] Consequently, 
the number of active sites on the catalyst is decreased and the activity of the catalyst is affected. 
Later it was found that the catalytic activity can be increased due to a SMSI effect, which is related to 
special adsorption sites, which are generated due to the formation of the oxide layer on the NP.[170-
172] SMSI effects are not limited to precious metal NPs on TiO2, but are found for other reducible 
metal oxides (Fe3O4, CeO2, Nb2O5 etc.).
[173-175] 
Especially Pt NPs supported on iron oxide have gained interest due to CO oxidation activity at low 
reaction temperature.[176-179] As discussed in chapter 7.1 CO oxidation on Pt surfaces below 170°C is 
nearly inactive because of the poisoning effects of CO, which prevents adsorption and dissociation of 
O2. It was found that oxygen from the iron oxide can be activated and the reaction proceeds via a 
Mars van Krevelen mechanism.[180-182] However, before the influence of possible SMSI effects with 
supported Pt NPs on Fe3O4 are discussed regarding particle size and the influence of the kinetic 
performance for CO oxidation, the kinetic activity of pure Fe3O4 is discussed. 
8.1 CO oxidation with pure Fe3O4 
(Relevant paper III) 
There are some indications in the literature that iron oxide might be catalytically active for CO 
oxidation.[183-187] Pure Fe3O4 was used as a catalyst at a reaction temperature of 200°C under strict 
kinetically controlled conditions and it was found that iron oxide is able to oxidize CO to CO2. The 
catalytic performance of Fe3O4 was determined under oxygen rich conditions and after reductive pre-
treatment with 5% H2 at 200°C. Since Fe3O4 is a reducible metal oxide, the oxidation state of Fe was 
determined with X-ray photoelectron spectroscopy (XPS) after exposure to reaction conditions with 
and without reductive pre-treatment. It was found that Fe was mainly in the oxidation state +III 
(Fe2O3) under oxidative reaction conditions and after reduction and exposure to reaction conditions 
Fe was in the oxidation state +II (FeO). In the following, oxidized iron oxide will be referred to Fe2O3 
and reduced iron oxide to FeO. For kinetic investigations the intrinsic activity was determined, 
normalizing the activity to the total number of Fe surface atoms and partial pressure dependences 
for O2 and CO were performed (see Figure 40). 
  





Figure 40: Partial pressure dependences for CO oxidation with Fe3O4 as catalyst with (FeO, red) and without (Fe2O3, black) 
reductive pre-treatment. For O2 partial pressure dependences the partial pressure of O2 was varied between 6.8 and 20 kPa 
with a constant CO partial pressure of 0.39 kPa (a). For the CO partial pressure dependence the CO partial pressure was 
varied in a range of 0.29 to 0.45 kPa and a constant O2 partial pressure of 12.2 kPa (b). The reaction temperature was 200°C. 
 
From the partial pressure dependences the reaction orders for O2 and CO were determined and an 
Arrhenius plot was used to obtain apparent activation energies (see Table 9). 
Table 9: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation energies 
obtained for Fe3O4 with and without reductive pre-treatment and a reaction temperature at 200°C. 
 Measured 
Reaction order O2 
Measured 




Fe2O3 0.40 ± 0.01 0.19 ± 0.03 46.7 ± 1.2 
FeO 0.23 ± 0.01 0.59 ± 0.03 30.7 ± 3.2 
 
The differences in the TOF values, the reaction orders, and apparent activations energies for reduced 
and oxidized iron oxide indicate that the reaction mechanism of Fe2O3 and FeO is not the same (see 
Figure 40 and Table 9). However, the uneven reaction orders for O2 and CO demonstrate that not a 
single reaction mechanism is able to explain the kinetic properties of Fe2O3 or FeO. None of the 
typically reported reactions mechanism (Eley-Rideal mechanism, Mars van Krevelen mechanism, and 
a competitive Langmuir Hinshelwood mechanism) is in accordance with the observed reaction orders 
under the here applied oxygen rich reaction conditions.[142, 188]  
In order to test for a possible reaction pathway with contribution of lattice oxygen (Mars van 
Krevelen mechanism) CO oxidation was performed in absence of oxygen and the catalyst was pre-
treated with isotopic labelled 18O2. Residues of 18O2 were removed by flushing the catalyst with He 
before exposure to CO. It was found that Fe2O3 and FeO are active in the absence of oxygen and the 
formation of isotopic labelled CO2 demonstrates the ability of iron oxide to store or exchange oxygen 
in the lattice (see Figure 41).  
  





Figure 41: Turnover rates of CO oxidation with pure iron oxide as catalyst in absence of gaseous O2. Before catalysis the 
catalyst was pre-treated with 18O2. The reaction was performed at 200°C without (Fe2O3, a) and with (FeO, b) reductive pre-
treatment. 
 
Hence, one possible reaction pathway on iron oxide is a Mars van Krevelen mechanism with lattice 
oxygen as active component.   
8.2 Kinetics of CO oxidation of Platinum nanoparticles supported on Fe3O4 
(Relevant paper III) 
8.2.1 Oxidative reaction conditions 
“Surfactant-free” Pt NP dispersion with 1 nm, 2 nm, 3 nm, and 4 nm particle size were prepared and 
deposited onto Fe3O4. The supported NPs were characterized with TEM and it was shown that the 
NPs were dispersed over the support material and no agglomeration was found after heat treatment. 
The catalysts were used directly in CO oxidation without reductive pre-treatment and the TOF values 
were compared to the same particles on an inert support material (see Chapter 7.4.2).[189] 
Table 10: TOF values of supported Pt NPs on Fe3O4 compared to the same particles supported on Al2O3 normalized to the 
number of Pt surface atoms. Furthermore, TOF values were calculated normalized to the number of Pt atoms at the 
interface between NP and support (Fe3O4 and Al2O3). CO oxidation was performed at 200°C and a partial pressure of 0.39 





Total number of 




Atoms at the 
interface between 









Atoms at the 
interface between 
NP and support 
[molCO2/molInterface 
Atom s] 
1 nm 0.15 0.76 0.36 1.84 
2 nm 0.21 0.77 0.79 2.85 
3 nm 0.07 0.82 0.34 3.64 
4 nm 0.08 1.09 0.17 2.39 
 
Compared to Pt NPs on Al2O3, the TOF of Pt NPs on Fe2O3 decreased significantly for all particle sizes 
(see Table 10). This indicates that the support material strongly alters the catalytic performance 
under given reaction conditions (see Table 10). In order to exclude that Fe2O3 is the sole active 
  




species, the reaction rates were normalized to the total catalyst mass and it was found that the 
catalyst with the precious metal exhibits a up to 20 times higher reaction rates. This indicates that 
the precious metal increases the catalytic performance. For precious metal NPs on a reducible 
support material the presence of active sites is often observed, which are generated due to the 
formation of strong metal-support interactions at the interface of the NP and the support 
material.[188, 190] In order to test for the presence of these active sites for Pt-Fe2O3, reaction rates 
were normalized to the number of Pt atoms at the interface and it was found that for all small 
particle sizes (≤ 2nm) similar activities were obtained for Pt-Fe2O3, but not for Pt-Al2O3 (normalized to 
the number of Pt atoms at the interface, see Table 10). With increasing particle size (≥ 3 nm) the TOF 
increased compared to the small NPs. Consequently, the reaction may preferentially proceed at the 
interface between the NP and Fe2O3 for small NPs (1 nm and 2 nm) and with increasing particle size 
(3 nm and 4 nm) a different or an additional reaction pathway has to be taken into account.   
In the next steps partial pressure dependencies for O2 and CO were performed at a reaction 
temperature of 200°C. The reaction rates were normalized to the number of Pt atoms at the 
interface between particle and support (see Figure 42). 
 
Figure 42: Partial pressure dependences for CO oxidation at 200°C for supported Pt NPs on Fe2O3 with 1 nm (black), 2 nm 
(red), 3 nm (blue), and 4 nm (green) particle size without reductive pre-treatment. For O2 partial pressure dependences the 
partial pressure of O2 was varied between 6.8 and 20 kPa with a constant CO partial pressure of 0.39 kPa (a). For the CO 
partial pressure dependence the CO partial pressure was varied in a range of 0.29 to 0.45 kPa and a constant O2 partial 
pressure of 12.2 kPa (b). 
 
The TOF values for catalysts (1 – 4 nm) are proportional to the O2 partial pressure and inversely 
proportional to the CO partial pressure (see Figure 42). Particles with a size ≤ 2 nm exhibit similar TOF 
values over the entire partial pressure range for the O2 as well as for the CO partial pressure 
dependency. However, large particles (≥ 3 nm nm) have higher TOF values (especially for Pt NP with 
4 nm size) with increasing O2 partial pressure. This indicates that a similar reaction mechanism takes 
place on Pt NPs ≤ 2 nm and the reaction seems to be favoured to proceed at the interface of NP and 
support. Whereas, this conclusion cannot be drawn for Pt NPs with ≥ 3 nm size. In order to 
  




demonstrate a change of the kinetic regime reaction orders and apparent activation energies were 
determined (see Table 11). 
Table 11: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation 




Reaction order O2 Reaction order CO Apparent activation 
energy (KJ/mol) 
1 nm 0.36 ± 0.01 -0.21 ± 0.03 64.3 ± 1.9 
2 nm 0.37 ± 0.01 -0.24 ± 0.02 64.2 ± 2.6 
3 nm 0.45 ± 0.03 -0.38 ± 0.02 67.5 ± 5.9 
4 nm 0.78 ± 0.02 -0.51 ± 0.02 84.2 ± 3.2 
 
Small NPs ≤ 2 nm exhibit similar reaction orders for O2 and CO and apparent activation energies, 
indicating that the reaction proceeds in the same kinetic regime. For Pt NP ≥ 3 nm in size the reaction 
order for O2 and the activation energy increases and the reaction order for CO decreases (see Table 
11). However, comparison of the reaction orders and activation energies obtained for Pt NPs on 
Fe2O3 with Pt NPs on Al2O3 demonstrates that the kinetic parameters vary significantly (see Table 5 
and 11). For small Pt NPs on Al2O3 a Langmuir Hinshelwood mechanism with molecular O2 adsorption 
was found to correctly reflect the kinetics (reaction orders of 1 for O2 and -1 for CO).[189] Hence, 
neither mechanism C nor D can be the most relevant mechanism on Pt NPs on Fe2O3. The above 
discussed reaction pathway at the interface of NP and support suggest that the reaction may proceed 
via a Mars van Krevelen mechanism with lattice oxygen (see Figure 43). 
 
Figure 43: Sequence of elementary steps of CO oxidation of a Mars van Krevelen mechanism (mechanism E). (O) represents a 
lattice oxygen atom and ( ) an oxygen vacancy. 
 
The adsorption of CO on the Pt surface is assumed to be quasi-equilibrated (E1). A chemisorbed CO* 
near the interface to Fe2O3 reacts with a lattice oxygen (O) to form CO2* and an oxygen vacancy is 
generated (E2). Following CO2* desorbs (E3) and the oxygen vacancy is regenerated with gaseous 
oxygen (E4). The deviation of the rate equation assuming quasi steady state leads to following rate 
equation for a Mars van Krevelen mechanism (30): 
  




     
      [  ]
      [  ] 
                                                                  
The rate equation predicts a reaction order of 0 for O2, but for all particle sizes a reaction order for O2 
of > 0 was observed. Hence, another reaction mechanism is supposed to occur in parallel. For all 
particle sizes a slightly negative reaction order was obtained, indicating that CO is the MARI under 
reaction conditions, which leads to the assumption that a competitive Langmuir Hinshelwood 
mechanism with chemisorbed CO and O2 might take place in parallel. With increasing particle size the 
reaction orders shift to the reaction orders expected from a Langmuir Hinshelwood mechanism (1 for 
O2 and -1 for CO). This can be explained by the fact that the surface is proportional to d
2. 
Consequently, the relevance of the surface reaction on Pt of CO* with O2* increases as the particle 
size increases.  
This leads to the assumption that on the Pt surface a Langmuir Hinshelwood mechanism proceeds on 
the Pt surface and at the interface between NP and support a Mars van Krevelen mechanism. The 
relevance of both mechanisms was validated, fitting the partial pressure dependencies with the sum 
of the rate equation of a Langmuir Hinshelwood mechanism and the Mars van Krevelen mechanism 
and the assumption that CO is the MARI (see equation (31)). 
        
[  ]
[  ]
                                                                
From the data fits and the rate constants the contribution of each mechanism was determined. It can 
indeed be seen that with increasing particle size the contribution of a Langmuir Hinshelwood 
mechanism increased (see Table 12). 
Table 12: Rate constants (keff and kE3) and the percentage of the contribution of the Langmuir Hinshelwood mechanism and 
the Mars van Krevelen mechanism for CO oxidation with Pt NP on Fe2O3 at 200°C. 
 
8.2.2 Reductive pre-treatment 
The same kinetic investigations were performed after the catalysts were reduced for 16 h with 5% H2 









Ratio of the Langmuir 
Hinshelwood 
mechanism (C or D) 
Ratio of the Mars van 
Krevelen mechanism 
(E) 
1 nm 0.0085 ± 0.0001 0.4800 ± 0.0072 35% 65% 
2 nm 0.0091 ± 0.0001 0.4855 ± 0.0073 37% 63% 
3 nm 0.0128 ± 0.0002 0.4294 ± 0.0067 48% 52% 
4 nm 0.0271 ± 0.0004 0.2523 ± 0.0041 78% 22% 
  





Figure 44: Partial pressure dependences for CO oxidation at 200°C for supported Pt NPs on FeO with 1 nm (black) and 2 nm 
(red) particle size (a, b) after reductive pre-treatment (1 nm (grey) and 2 nm (light red)) compared to catalysts without 
reductive pre-treatment. Pt NP on Fe3O4 with 3 nm (blue) and 4 nm (green) particle size (c,d) after reductive pre-treatment 
(3 nm (light blue) and 4 nm (light green) compared to catalysts without reductive pre-treatment under identical reaction 
conditions (200°C).  
 
After reduction of the supported Pt NPs on FeO the catalytic activity decreases significantly for all 
particle sizes (see Figure 44). Reaction orders and activation energies were determined in order to 
discuss possible changes of the kinetic regime (see Table 13). 
Table 13: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation 




Reaction order O2 Reaction order CO Apparent activation 
energy (KJ/mol) 
1 nm 0.23 ± 0.03 0.41 ± 0.02 27.7 ± 2.4 
2 nm 0.28 ± 0.01 0.28 ± 0.04 33.0 ± 2.9 
3 nm 0.37 ± 0.01 0.00 ± 0.02 48.5 ± 2.3 
4 nm 0.50 ± 0.02               -0.16 ± 0.01 69.5 ± 3.7 
 
The reaction orders for O2 and the apparent activation energies decrease significantly for all particle 
sizes after reduction of the catalyst (see Table 13). The reaction order for CO increased and for 1 nm 
and 2 nm particles positive reaction orders were obtained. Negative reaction orders for CO are 
observed when the Pt surface is covered under reaction conditions with CO (CO is MARI).[125, 142] 
Hence, after reductive pre-treatment CO seems to be no MARI any more. From the data fits with the 
rate equation of the combination of the Langmuir Hinshelwood mechanism and the Mars van 
Krevelen mechanism the contribution of each mechanism was calculated (see Table 14) and it was 
  




found that for all particle sizes the contribution of the Langmuir Hinshelwood mechanism decreased 
significantly (see Table 12 and 14). 
Table 14: Rate constants (keff and kE3) and the percentage of the contribution of the Langmuir Hinshelwood mechanism and 
the Mars van Krevelen mechanism for CO oxidation with Pt NP on FeO at 200°C after reductive pre-treatment (5% H2 at 
200°C for 16 h). 
 
This is in accordance with the change of the reaction orders and the apparent activation energies 
(see Table 13). The decrease of the activity might be related further to a partial encapsulation of the 
NPs, since FeO is known to favour the formation of a FeO layer on precious NPs.[173, 180] The results 
indicate that the catalytic performance of Pt NPs supported on iron oxide depends on the formation 
of metal support interaction. Compared to Pt NPs on inert support material the reaction kinetics 
change drastically and it was found that on small NPs (≤ 2 nm) the kinetics are mainly determined by 
a Mars van Krevelen mechanism at the interface between NP and support. With increasing surface of 
the NPs a Langmuir Hinshelwood between CO* and O2* is favoured.  
 
After demonstration of the influence of the particle size and metal-support interaction on the 
kinetics of CO oxidation, finally the effect of bimetallic NPs is discussed. 
 
8.3 Influence of bimetallic Fe-Pt nanoparticles  
(Relevant paper III) 
Bimetallic Fe-Pt NPs were used in order to explore, whether a similar effect on the nanoscale 
between Pt and FeO inside a particle might occur. These particles were supported onto inert Al2O3 to 
prevent a further interaction of the NPs with the support material. The size of the bimetallic NPs was 









Ratio of the Langmuir 
Hinshelwood 
mechanism (C or D) 
Ratio of the Mars van 
Krevelen mechanism 
(E) 
1 nm 0.0021 ± 0.0001 0.2160 ± 0.0124 24% 76% 
2 nm 0.0032 ± 0.0001 0.2635 ± 0.0195 27% 73% 
3 nm 0.0078 ± 0.0001 0.4181 ± 0.0167 36% 64% 
4 nm 0.0150 ± 0.0002 0.4760 ± 0.0174 49% 51% 
  





Figure 45: Partial pressure dependences for CO oxidation at 200°C for supported bimetallic FePt3 NPs on Al2O3 with (grey) 
and without (black) reductive pre-treatment. The TOF values were calculated assuming that only Pt atoms are present at the 
surface. For O2 partial pressure dependences the partial pressure of O2 was varied between 6.8 and 20 kPa with a constant 
CO partial pressure of 0.39 kPa (a). For the CO partial pressure dependence the CO partial pressure was varied in a range of 
0.29 to 0.45 kPa and a constant O2 partial pressure of 12.2 kPa (b) at a reaction temperature of 200°C.  
 
In order to determine the intrinsic activity, the TOF value was determined (see Figure 45). However, 
under reaction conditions the surface composition of the bimetallic NP is not known. In the literature 
it was found that under CO and/or O2 rich conditions a Pt rich surface is generated.[192] Therefore, the 
TOF values were determined assuming that only Pt atoms are present on the particle surface. From 
the partial pressure dependencies the reaction orders and from an Arrhenius plot the apparent 
activation energies were calculated. It was found that the TOF values and the kinetic parameters are 
in good agreement with the monometallic Pt NPs on Al2O3 of similar particle size (see Figure 36 and 
Figure 45, see Table 5 and 15), indicating that the presence of Fe in the bimetallic NPs does not 
influence the reaction mechanism and the catalytic activity.  
Table 15: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation 
energies obtained for bimetallic Fe-Pt NPs on Al2O3 at 200°C with reductive pre-treatment (5% H2 for 16 h at 200°C) and 
without reductive pre-treatment. 
 Measured 
Reaction order O2 
Measured 






0.70 ± 0.04 -0.67 ± 0.05 66.7 ± 5.2 
Fe-Pt 
Reduced 
0.45 ± 0.02  0.28 ± 0.03 35.7 ± 2.3 
 
After reductive pre-treatment of the bimetallic NPs the TOF value (normalized to the number of Pt 
surface atoms) decreases as well as the reaction orders for O2 and the activation energy (see Figure 
45 and Table 15). The reaction order for CO changed from negative reaction orders (CO is MARI) to 
positive reaction orders. This indicates that the surface of the bimetallic NPs after reduction is no 
longer covered with CO, which was confirmed with diffuse reflectance infrared fourier transform 
  




spectroscopy (DRIFTS). The kinetic parameters after reduction are similar to pure FeO, which implies 
that mainly Fe is located at the surface due to surface segregation. The presence of Fe under reaction 
condition can be explained with the strong Fe-O bond and with the lower surface energy of iron 
oxide.[193] As a result, a similar dentrimental SMSI effect on the nanoscale was observed for bimetallic 








The three factors of NP catalyst, which can actively influence the catalytic performance of 
heterogeneously catalysed reactions are i) the particle size ii) metal support interactions and iii) 
bimetallic NPs. In the present work a synthesis approach was applied that allows independent 
control over particle size, support material, and composition. The synthesis of “surfactant-free” Pt 
NPs bears the advantages that no strong binding ligands or polymers are necessary to stabilize the 
colloidal NPs. In this study, the synthesis route was optimized with regard to tune the particle size. It 
was found that the presence of chloride from the metal precursor and from the precipitation step 
(HCl) favour dissolution of the NPs to Pt ions. The NPs were exposed to other anions and especially 
bromide was found to enhance the leaching of the NPs. A possible subsequent step after leaching 
and formation of soluble Pt ions is Ostwald ripening, which leads to particle growth. Using a reducing 
atmosphere in alkaline EG at a reaction temperature of 150°C the reduction of the soluble Pt ions is 
favoured, which leads to a particle size growth. Compared to chloride the presence of bromide 
enhances the formation of Pt ions and therefore the particle growth with bromide containing 
precursors is faster compared to chloride containing precursors. In combination with previously 
gained knowledge about the surface chemistry of “surfactant-free” Pt NPs and the influence of the 
Pt-OH- ratio to determine the particle size, a concept was developed to tune the particle size by 
variation of the following three factors: 
i) Variation of the OH- concentration during the synthesis in EG 
ii) The use of different Pt precursors (H2PtCl6, H2PtBr6, and Pt(acac)2) 
iii) Extending the reaction temperature (Ostwald ripening) 
The synthesis concept leads to Pt NPs within a size range of 1 – 4 nm, which represents the range 
where the ratio of low to high coordinated surface atoms changes most strongly. These NPs were 
further supported onto Al2O3 and used as heterogeneous catalysts in CO oxidation as a model 
reaction. The structure sensitivity of CO oxidation is controversially discussed in the literature. Three 
different reaction regimes (170°C, 200°C, >210°C) were investigated under strict kinetic control and it 
was found that the catalytic performance (activity and reaction mechanism) depends strongly on the 
reaction temperature as well as on the particle size. A high number of edge atoms (2 nm particle size) 
were found to favour O2 dissociation, which leads to the highest catalytic performance. At a reaction 
temperature of 170°C a reaction mechanism with dissociative O2 adsorption and the Boudouard 
reaction of two adjacent CO* to C* and CO2* was postulated to occur for all particle sizes, whereas 
with increasing reaction temperature (>200°C) the reaction mechanism changes for small Pt NPs      






of CO* and O2* to CO2* and O* was identified as the rate determining step. On large particles the 
number of terrace atoms determines the kinetic behaviour and dissociative O2 adsorption and the 
Boudouard reaction was found to occur preferentially on terrace atoms.  
In order to further improve the mechanistic understanding, the NPs were supported onto reducible 
iron oxide and it was found that the catalytic performance is strongly influenced when using 
transition metal oxides. Two different reaction pathways were identified to proceed on different 
active sites. A Mars van Krevelen mechanism between CO* adsorbed on Pt and lattice oxygen takes 
place at the interface between NP and support and on the Pt surface the Langmuir Hinshelwood 
mechanism between CO* and O2* was discussed. With increasing particle size (and the related 
increase of the Pt surface) the contribution of the Langmuir Hinshelwood mechanism increases. After 
reductive pre-treatment of the catalysts the active Pt surface decreases due to partial encapsulation 
with FeO and the Mars van Krevelen mechanism becomes favoured after reduction. However, a 
similar effect is observed when using bimetallic Fe-Pt NPs on inert Al2O3. Hence, the here presented 
kinetic study of CO oxidation shows that the catalytic performance can be influenced by changing the 







The here presented work demonstrates that the synthesis concept of supported colloidal 
“surfactant-free” Pt NPs allows to investigate SMSI effects systematically. As a follow up, it would be 
interesting to investigate the catalytic behaviour and particle size effects in CO oxidation for Pt NPs 
supported on different reducible support material (e.g. TiO2, CeO2, SnO). For TiO2 SMSI effects are 
widely discussed in the literature and therefore first kinetic experiments were performed for Pt NP (1 
– 3 nm) supported on TiO2 (see Figure 46). 
 
Figure 46: Partial pressure dependences for CO oxidation at 200°C for supported “surfactant-free” Pt NPs on TiO2 with 1 nm, 
2 nm, and 3 nm particle size with and without reductive pre-treatment. For O2 partial pressure dependences the partial 
pressure of O2 was varied between 6.8 and 20 kPa with a constant CO partial pressure of 0.39 kPa (a). For the CO partial 
pressure dependence the CO partial pressure was varied in a range of 0.29 to 0.45 kPa and a constant O2 partial pressure of 
12.2 kPa (b) at a reaction temperature of 200°C.  
 
Compared to Pt-Fe3O4 for Pt-TiO2 no significant changes of the catalytic activity after reduction with 
5% H2 for 16 h at 200°C was found and the kinetic parameters (200°C reaction temperature) for all 
particle sizes and independent of reductive pre-treatment are similar (see Table 16). 
Table 16: Reaction orders for O2 and CO determined from the partial pressure dependences and apparent activation 





Reaction order O2 Reaction order CO Apparent activation 
energy (KJ/mol) 
1 nm 0.57 ± 0.05 -0.47 ± 0.05 84.4 ± 4.6 
1 nm red 0.65 ± 0.05 -0.40 ± 0.05 86.9 ± 4.7 
2 nm 0.58 ± 0.05 -0.48 ± 0.05 86.2 ± 3.2 
2 nm red 0.63 ± 0.05 -0.44 ± 0.05 86.2 ± 4.5 
3 nm 0.58 ± 0.05 -0.49 ± 0.05 83.1 ± 4.2 
3 nm red 0.57 ± 0.05 -0.45 ± 0.05 81.2 ± 4.8 
 
In order to further investigate the interesting behaviour of Pt-TiO2 (1 – 3 nm particle size) detailed 






kinetic performance of CO oxidation could be further tuned by using different bimetallic Pt NPs with 
different transition metals (Sn, Zn).  
A catalyst for CO oxidation normally works at high reaction temperature, where the mobility of the 
NP increases and NP tend to accumulate. The decreases of the active surface leads to a decrease of 
the catalytic performance. Hence, an interesting question for industrial application is whether SMSI 
effects can be used in order to diminish sintering of NPs on the support. The systematic study of 
SMSI effects in this work can be used to investigate whether support materials can be found, which 
stabilized the NPs from sintering at high temperature. Investigations with IL-TEM before and after 
heat-treatment can be used to characterize the stability again sintering. 
Another reaction, which is interesting for industrial applications, is the preferential oxidation of CO 
(CO PROX) for the removal of poisoning CO in H2 streams for fuel cell applications.
[194] The reaction 
requires a catalyst, which offers high selectivity and activity toward oxidation of CO. The reaction 
mechanism of supported Pt NPs might be influenced due to the reducing atmosphere during the 
reaction. The study of support effects and bimetallic NPs in CO PROX reactions can be used to 
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